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Abstract 
 
M.M. Pavlac. The Optimization and Applications of a Flow-Through Fluorometric System for 
Real-Time Monitoring of Cyanobacteria in Freshwater Systems. 292 pages, 30 tables, 75 figures, 
2017.  Association for the Sciences of Limnology and Oceanography (ASLO) style guide used. 
 
Multiple areas in Lake Ontario, labeled Areas of Concern (AOCs), have experienced 
impairments in use due to algal blooms.  Cyanobacteria are of particular concern because many 
species produce metabolites that are toxic to humans and animals.  One method for monitoring 
the distribution of cyanobacteria and other phytoplankton is the measurement of in vivo pigment 
fluorescence.  Several commercial fluorometers were evaluated for their use in a shipboard flow-
through system to provide real-time continuous data on chlorophyll and phycocyanin 
concentrations throughout the lake.  These instruments feature both single-wavelength excitation 
in the Turner Designs AlgaeWatch and CyanoWatch and multi-wavelength excitation in the bbe 
FluoroProbe.  To account for cellular and instrumental variability, in vivo pigment measurements 
needed to be calibrated using extracted pigment concentrations.  A method was developed to 
optimize extraction of phycocyanin from cyanobacterial cells.  Extraction in phosphate buffer 
with freeze-thaw cycles maximized extraction percentages and minimized chlorophyll 
coextraction.  Chlorophyll calibration curves for the AlgaeWatch were split into two separate 
regressions for cyanobacteria and non-cyanobacteria based on cut-off phycocyanin fluorescence 
values.  These split curves offered a better representation of the lower fluorescent response of 
cyanobacteria in both a laboratory and field setting.  Pigment fluorometers were deployed on 
Lake Ontario as part of a flow-through system for seven weeklong cruises in the offshore and six 
short evaluations of the nearshore.  Calibration curves allowed the successful conversion of 
relative in vivo chlorophyll data into extracted pigment concentrations, although there were some 
calibration issues when pigment concentrations were low in situ.  Mapping of continuous 
chlorophyll measurements allowed for fine-scale illustrations of phytoplankton distribution.  
Higher concentrations in the nearshore were associated with the spring thermocline and river 
outlets.  Algal growth in the offshore was very patchy.  These findings indicate that in vivo 
pigment fluorescence, as part of a flow-through system, is an effective method for monitoring 
phytoplankton biomass as long as the instruments are calibrated appropriately post-deployment. 
 
Keywords: chlorophyll, phycocyanin, cyanobacteria, phytoplankton, pigment fluorescence, 




Candidate for the degree of Doctor of Philosophy, June 2017 
Gregory L. Boyer, Ph.D. 
Department of Chemistry 
State University of New York, College of Environmental Science and Forestry 
Syracuse, New York 
 




In the early morning of August 2, 2014, routine testing of Toledo’s drinking water input 
from Lake Erie revealed a troubling discovery.  Two water samples showed elevated levels of 
microcystin, a toxic metabolite produced by some cyanobacteria.  As a precaution, city officials 
declared a water advisory, and 400,000 people were deprived of usable drinking and bathing 
water.  Even boiling the water was discouraged, since that process would release the heat-stable 
toxin from the cells.  Bottled water became the only safe water option.  The governor of Ohio 
declared a state of emergency, and water was brought in by truck and sold under a rationing 
system.  During all of this commotion, the water of Lake Erie remained a charming green color, 
ripe with cyanobacterial growth (Seewer, 2014). 
Fortunately, the water emergency in Toledo was short-lived.   Subsequent water testing 
revealed safe microcystin levels, and the water ban was lifted a mere three days after being 
instituted.  This may be only a temporary reprieve.  Since 2001, the occurrence of harmful algal 
blooms in the Great Lakes has been increasing (Carmichael and Boyer, 2016).  This escalation in 
freshwater systems has been linked to multiple factors, including unregulated fertilizer run-off, 
global climate change, and the nutrient-concentrating effect of the invasive dreissenid mussels 
(Berger et al., 2008; Watson et al., 2016).  Regardless of the cause, the resulting algal blooms 
can have a devastating effect on drinking and recreational water supplies.  Algal growth is 
predominant in the shallower nearshore regions of lakes (Wetzel, 2001), a location shared with 
water intake pipes and beaches. 
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Cyanobacterial blooms in the Lower Great Lakes and other freshwaters are a hazard to 
environmental and human health (Dyble-Bressie and Tomlinson, 2009).  Although 
cyanobacterial distribution and growth have been extensively studied in these lakes, the field 
continues to evolve as nutrient regulation, invasive species, and global climate change alter 
known phytoplankton dynamics.  Since 2010, the United States has spent more than 1.5 billion 
dollars to reduce the damages caused by eutrophication, invasive species, and other stressors to 
the Great Lakes (United States Government Accountability Office, 2015).  In order to evaluate 
the efficacy of these efforts and to identify areas for future mitigation, there is a need for 
extensive and reliable data on the ecosystem health of the lakes (Bertram et al., 2003).  When 
assessing phytoplankton biomass and distribution, the monitoring method needs to be quick, 
accurate, reliable, and, in the case of the Great Lakes, capable of a broad geographical coverage.  
It must also give results that can be related to historical measurements of water quality. 
In vivo chlorophyll fluorescence is the well-established technique for estimating 
phytoplankton biomass (Heaney, 1978; Lorenzen, 1966).  Chlorophyll fluorometers have been 
installed in coastal huts (Holley and Hydes, 2002), on buoys (Lee et al., 2005), and on ships 
(Althuis et al., 1994; Leppänen et al., 1995) in order to study phytoplankton distributions.  
However, traditional chlorophyll fluorescence measurements are not optimal for monitoring 
cyanobacterial populations.  Cyanobacterial chlorophyll has a lower fluorescent response than 
other phytoplankton (Campbell et al., 1998).   It is therefore more effective to estimate 
cyanobacterial biomass by measuring the fluorescence of phycocyanin, the main accessory 
pigment in cyanobacteria (Gregor and Maršálek, 2005; Lee et al., 1994). 
I hypothesize that continuous monitoring using a flow-through system composed of 
commercial fluorometers that measure both chlorophyll and phycocyanin can be an effective 
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technique for studying diverse phytoplankton populations in freshwater lakes.  Chapter 2 of this 
thesis reviews the background and current literature regarding the use of pigment fluorometry for 
the assessment of phytoplankton in freshwater systems.  In Chapter 3, an improved extraction 
technique is described for the cyanobacterial pigment phycocyanin for use in freshwater samples.  
The remaining chapters focus on the evaluation and deployment of pigment fluorometers as part 
of a shipboard flow-through system.  Chapter 4 presents a side-by-side comparison of these 
instruments for group-specific algal detection.  Chapter 5 describes the deployment of a flow-
through system to determine phytoplankton distribution in the nearshore region of Lake Ontario 
during the 2008 Cooperative Science Monitoring Initiative.  In Chapter 6, the application of this 
same instrumentation is detailed for monitoring the offshore waters of Lake Ontario.  This work 
is focused on determining and demonstrating the accuracy and dependability of the flow-through 
system for phytoplankton research in freshwater systems with significant cyanobacterial 
populations.     
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2.1 Introduction to Harmful Algal Blooms 
The occurrence of algal blooms in freshwater systems is a natural event.  As the primary 
producers in aquatic systems, phytoplankton play an important role in food web dynamics.  In 
many systems, however, phytoplankton populations have been altered due to human interference.  
Nonpoint pollution from agriculture and industry have triggered severe eutrophication of 
freshwater bodies due to augmented nutrient loading (Carpenter et al., 1998).  This 
eutrophication can lead to an increase in algal blooms and a shift in their composition (Reynolds, 
2006).  Algal blooms are designated as “harmful algal blooms” (HABs) when they threaten 
either the health of humans and animals and/or the utility of water resources for recreational 
purposes (Lopez et al., 2008). 
Eutrophication-driven algal growth can manifest in any numbers of ways, including 
visible surface blooms and scums, floating plant material, and increased benthic growth (Bartram 
et al., 1999).  Increased algal biomass of any kind can be a threat to a freshwater system.  
Oxygen is depleted by the respiration of the algae themselves or by bacteria during algal 
decomposition.  The resulting hypoxic conditions can result in the death of fish and invertebrates 
(Hallegraeff, 1993).  Hypoxia can also cause the release of toxins and more nutrients from the 
sediments (Bartram et al., 1999), thus further compounding the problem.  Large blooms decrease 
the amount of sunlight penetrating the water column and thereby cause a decrease in benthic 
growth (Lopez et al., 2008).   Large blooms of both pelagic and benthic (e.g., Cladophora) algae 
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also affect the aesthetics of freshwater systems and decrease their utility for recreational 
purposes. 
In terms of specific types of algae, the most studied freshwater HABs are cyanobacterial 
(Lopez et al., 2008).  Their growth is favored by eutrophic conditions (Reynolds, 2006) and hot 
temperatures (Davis et al., 2009).  Increases in nutrient loading and changes in climate are 
leading to the increasing occurrence of cyanobacterial blooms (Paerl and Otten, 2013).  
Cyanobacteria are known to produce several metabolites that affect water quality.  Geosmin and 
2-methylisoborneol (MIB), both exclusively synthesized by cyanobacteria, have been linked to 
numerous taste and odor issues.  These cyclic sesquiterpenoids have an unpleasant musty smell 
that can be detected at low odor thresholds.  Unfortunately, both compounds are not removed 
through traditional water treatment and can therefore negatively impact drinking water (Watson, 
2010). 
Of even greater concern are the toxic metabolites produced by some cyanobacterial 
species.  Genera such as Anabaena, Aphanizomenon, and Oscillatoria can produce several 
neurotoxins, including the alkaloid anatoxin-a.  Ingestion by animals can lead to convulsions and 
respiratory arrest (Carmichael, 1992).  However, most cyanobacterial poisonings have been 
linked to hepatotoxins such as the peptides microcystin and nodularin.  Symptoms of acute 
poisoning, ranging from weakness and vomiting to death, have been observed in both wild and 
domestic animals (Codd, 2000).  In the long term, these compounds are potentially tumor 
promoters, though there is insufficient evidence to demonstrate that they are carcinogenic 
(Carmichael and Boyer, 2016).  Other cyanobacterial toxins have been linked to skin irritation 
and gastrointestinal issues (Codd, 2000).  As with the taste and odor compounds, standard water  
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Figure 2.1 Structures of geosmin (a) and 2-methylisoborneol (b) (Adapted from Jüttner and 
Watson, 2007)  
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treatment is not sufficient to remove these compounds; it must be combined with additional steps 
such as activated carbon filtration, oxidation, reverse osmosis, or biodegradation (Harrington and 
Swank, 2010).  Even with these treatments, exposure is still possible through recreational water 
usage and ingestion of contaminated crops, animals, or dietary supplements (Watson et al., 
2008). 
 
2.2 History of Lake Ontario’s phytoplankton 
Lake Ontario is the furthest downstream of the Great Lakes.  Water enters the lake from 
Lake Erie through the Niagara River and exits through the St. Lawrence River.  Lake Ontario is 
also comparatively small.  Its surface area (18,960 km2) is the smallest of the Great Lakes, while 
its volume (1,640 km3) is only larger than Lake Erie.  The Lake Ontario watershed is home to 
more than 5 million people in the United States and Canada combined.  The lake is an extremely 
important source for freshwater, and 734 million gallons per day are removed for use in the 
public water supply (Great Lakes Commission, 2014).  The coast is also home to multiple parks 
and protected wetlands (Finger Lakes-Lake Ontario Watershed Protection Alliance and New 
York Sea Grant, 2010).  These uses are being threatened by eutrophication and harmful algae 
(Howell et al., 2012). 
 
2.2.1 The pelagic waters and phosphorus abatement 
Concern over the phytoplankton in the Lower Great Lakes is not a recent phenomenon.  It 
is long established that phosphorus concentrations are directly correlated with overall 
phytoplankton biomass (or its proxy chlorophyll a) in freshwater systems (Hecky, 1988; 
Schindler, 1977; Schindler, 1974; Stow and Cha, 2013).  This relationship was well illustrated in 
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the Great Lakes, where unrestricted phosphorus loading in the early 20th century led to severe 
eutrophication (Dolan and Chapra, 2012).  By 1970, Lake Ontario was subject to seasonally high 
phytoplankton concentrations.  Biomass showed a sharp increase during the summer, with a 
maximum average biomass above 8 g/m3 in August.  The algal composition displayed a seasonal 
progression.  Diatoms dominated from January until mid-June.  In June, algal composition was 
the most diverse, with a large proportion of cryptophytes and chrysophytes.  Chlorophytes and 
cyanobacteria became major biomass components from June to December, with dinoflagellates 
and diatoms having increasing percentages in the fall (Munawar and Munawar, 1996). 
The Great Lakes Water Quality Agreement was signed in 1972.  As a consequence, 
phosphorus loading into Lake Ontario decreased.  Although algal biomass did not immediately 
show a directly correlated decline (Stevens and Neilson, 1987), there was still a significant 
decrease.  In 1978, biomass spikes (June and September) were less than 2 g/m3 (Munawar and 
Munawar, 1996).  There were also changes in percent composition.  Diatoms still predominated 
in the spring but also remained significant through October.  Chrysophytes, cryptophytes, and 
dinophytes surged in June and remained significant for the rest of the summer.  The percent of 
chlorophytes increased from July through October, while cyanobacteria comprised less then 5% 
of the biomass through the whole summer and were generally found in the nearshore (Munawar 
and Munawar, 1996). 
Throughout the 1980s, total (and soluble reactive) phosphorus levels in Lake Ontario 
dramatically decreased.  Spring concentrations of total phosphorus in the offshore dropped below 
target levels of 10 µg/L P in 1992 (Malkin et al., 2010).  Algal biomass in summer 
correspondingly declined in the offshore waters, with the average summer biomass for 1986-
1992 at 0.54 g/m3 (oligotrophic conditions) (Makarewicz et al., 1995).  In the early (Makarewicz 
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et al., 1995) and late 1990s (Barbiero and Tuchman, 2001), algal biomass was slightly higher in 
the eastern end than in the rest of the lake.  Spring biomass during this period remained 
dominated by diatoms throughout the lake.  Summer biomass consisted of an increasing 
percentage of chlorophytes, with a large contribution from cryptophytes (Barbiero and Tuchman, 
2001; Makarewicz et al., 1995). In terms of abundance, there was a predominance of 
cyanobacteria in both spring and summer with a large number of unicellular cyanobacterial 
species (Makarewicz et al., 1995).  
More recently, algal biomass in the offshore pelagic waters has leveled off.  Between 
2001 and 2011, Reavie et al. (2014) noticed no significant change in the biovolume numbers in 
Lake Ontario, while Holeck et al. (2015) did not detect any trends in continued oligotrophication 
from 2003 to 2008.  Distribution trends remained similar to previous years, with summer 
biomass up to 50% higher in the eastern end of the lake (Munawar et al., 2015).  However, there 
have been changes in composition.  The abundance of spring diatoms and dinoflagellates has 
increased.  Cyanobacterial densities have increased in the summer (Reavie et al., 2014), with the 
cyanobacterium Chroococcus disperses var. minor comprising 92% of the picoplankton 
throughout the whole lake (Munawar et al., 2015).  These composition changes could be linked 
to selective feeding by dreissenid mussel or nutrient changes caused by increasing phosphates 
and nitrates (Reavie et al., 2014). 
 
2.2.2 The nearshore waters and dreissenid mussels 
There have been considerably fewer studies of the nearshore phytoplankton of Lake 
Ontario versus the offshore communities.  Before the implementation of phosphorus regulations, 
biomass was distinctly higher in the nearshore (< 25 m deep) waters, with some association to 
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nutrient sources such as the Niagara outlet and the Rochester area.  Growth was also correlated 
with warmer water and sites of upwelling (Munawar and Munawar, 1996).  Due to faster 
warming, phytoplankton growth started to increase in the late spring versus early summer for the 
offshore (Stadelmann et al., 1974).  Cyanobacteria, in particular, were common in the nearshore 
during the summer, both before (Munawar and Munawar, 1996) and after (Gray, 1987; 
Makarewicz, 1987) phosphorus reductions.  From the mid 1970s until 1995, the coastal waters of 
Lake Ontario continued to have higher spring chlorophyll concentration than the offshore, 
although summer concentrations were similar between the zones.  After 1995, nearshore 
chlorophyll values in both spring and summer were not significantly different than those in the 
offshore (Malkin et al., 2010). 
One possible explanation for this change in chlorophyll trends involves the invasion of 
the dreissenid mussels (Lavrentyev et al., 1995).  The zebra mussel (Dreissena polymorpha) 
entered the Great Lakes system in the mid-1980s through ballast water dumped into Lake St. 
Clair (Hebert et al., 1989).  These mussels quickly spread throughout the rest of the Great Lakes 
and were reported in southern Lake Ontario in 1990 near the Welland Canal (Mills, et al., 1993).  
By 1991, they had spread through the rest of the lake (O’Neill and Dextrase, 1994).  In the early 
1990s, zebra mussels were joined in Lake Ontario by another invasive mollusk, the quagga 
mussel (Dreissena bugensis).  Quagga mussels initially dominated in the deeper waters (Mills et 
al., 1993).  However, their proportion has gradually increased (Mills et al., 1999) and can now 
reach greater than 99% of all dreissenids in some of the Lake Ontario nearshore (Pennuto et al., 
2012). 
The widespread invasion of dreissenid mussels in Lake Ontario and the other Great Lakes 
is concerning because they can alter nutrient and ecological dynamics.  The nearshore 
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phosphorus shunt model hypothesizes that dreissenid mussels have reengineered the nutrient 
cycle of the nearshore areas (Hecky et al., 2004).  Filter-feeding by dreissenids is thought to 
capture incoming phosphorus before it can be transported to the pelagic waters.  The mussels 
then use or re-excrete the nutrients into the benthos (Ozersky et al., 2009).  This shunting of 
nutrients to the benthos causes high nutrient concentrations in the nearshore (Hecky et al., 2004), 
especially when the development of a thermal bar limits the flux from nearshore to offshore 
(Holland and Kay, 2003).  Dreissenid filter-feeding can also lead to increased water clarity and 
enable deeper light penetration.  This, along with the shunting of nutrients to the sediment, favors 
the growth of benthic algae such as Cladophora over floating species (Hecky et al., 2004; 
Malkin et al., 2010). 
The predicted decrease in pelagic growth is supported by observed changes in nearshore 
water quality parameters.  Nicholls (2001) sampled the water from six Canadian water intake 
locations along the northern shore of Lake Ontario between 1981 and 1999.  Starting in the mid 
1990s, there was a significant drop in both mean chlorophyll a concentrations and algal density 
(Nicholls, 2001).  Nearshore sites along the southern coast of Lake Ontario were also affected in 
the 1990s, with chlorophyll concentrations in the nearshore lower than in the shallow (<10 m) 
coastal waters or in the offshore pelagic waters (Hall et al., 2003).  More recently, studies have 
found nearshore chlorophyll to be similar to offshore chlorophyll concentrations in the spring 
and summer (Malkin et al., 2010) but lower in the fall (Holeck et al., 2008).  Ratios of 
chlorophyll a to total phosphorus have also been affected, with decreases observed along the 
southern (Hall et al., 2003; Malkin et al., 2010) and northern (Nicholls et al., 1999) coasts of 
Lake Ontario.  This “decoupling” has been attributed to the influence of dreissenid mussels 
(Mellina et al., 1995) as they remove the chlorophyll-associated particulate phosphorus (aka 
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algae) from the water (Nicholls et al., 1999).  This hypothesis is supported by the decreasing 
percentage of particulate phosphorus in the Lake Ontario nearshore (Dove, 2009). 
Along with decreasing algal biomass in the nearshore, dreissenid mussels can also affect 
algal composition.  Microcosm experiments have indicated that dreissenids favor the growth of 
cyanobacteria (Bykova et al, 2006; Lavrentyev et al., 1995).  While the mechanism for the 
cyanobacterial shift is unclear, hypotheses include selective feeding of non-cyanobacterial 
species (Lavrentyev et al., 1995) or the alteration of N/P ratios (Bykova et al, 2006).  Increases in 
cyanobacterial growth have been observed in the Great Lakes following the dreissenid invasion.  
Pillsbury et al. (2002) observed large Microcystis blooms in Saginaw Bay, Lake Huron.  In Lake 
Ontario, there was a 13-fold increase in cyanobacteria in the Bay of Quinte (Nicholls et al., 
2002), which continues to experience significant summer blooms (Becker et al, 2009).  
Cyanobacteria (as indicated through pigment analysis) have also been observed in the southern 
and northern nearshore waters of Lake Ontario (Makarewicz et al., 2006; Twiss and Marshall, 
2012).  Taste and odor events have been documented in three northern areas of the lake (Watson 
et al., 2007), and cyanobacterial toxins have been detected in coastal (Makarewicz et al., 2009) 
and embayment (Perri et al., 2015) waters. 
 
2.3 Methods for monitoring and identification of phytoplankton 
There is no uniform method for monitoring algal biomass in water samples.  Gravimetric 
methods (either dry weight or wet weight) are impractical, since phytoplankton are not the only 
particulates in the water.  It would be difficult to separate out the phytoplankton from the detritus 
(Wetzel and Likens, 1991), which can account for more than 75% of the seston (Leach, 1975).  
There are similar issues with particulate organic carbon (POC) measurements (Stadelmann et al., 
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1974), where detritus can again account for more than 80% of the total (Hessen et al., 2003).  
Besides these practical concerns, quantifying biomass or POC is not ideal for monitoring 
purposes focusing on harmful algal blooms.  These measurements group all phytoplankton 
together and do not enable the detection of a single group (such as cyanobacteria). 
The most common method of phytoplankton quantitation for identification purposes is 
conducting cell counts using microscopy (Ehrlich, 2010).  This method enables two simultaneous 
measurements: total phytoplankton abundance (in cells/mL) and species composition.  There are 
several disadvantages to this method.  First, only a single sample can be quantified at once, 
making the method very time-consuming (El-Shaarawi et al., 1986; Mullin et al., 1966).  Second, 
identifying phytoplankton is often very difficult (Graham and Wilcox, 2000), and distinguishing 
cyanobacterial cells from other algal cells requires a specialist (Ahn et al., 2007).  Finally, cell 
counts are not necessarily correlated with algal biomass due to natural variations in cell size 
(Wetzel and Likens, 1991). 
For this reason, cell counts are often converted to cell biovolume.  The total cell 
abundance is divided according to cell shape and size.  Geometrical formulae are applied to 
calculate the volume for each cell type before determining a combined volume (Great Lakes 
National Program Office, 2010; Hillebrand et al., 1999).  With the wide variety of phytoplankton 
shapes present in freshwater systems, this additional step can again be a lengthy and detailed 
process.  However, biovolume offers the best opportunity for comparative purposes through 
conversions into other algal parameters.  Total biovolume measurements can be converted to 
biomass by assuming a specific gravity of 1.0 (Ehrlich, 2010; Munawar and Munawar, 1996).  
Biovolume can also be correlated with carbon (Mullin et al., 1966) and chlorophyll 
concentrations (Montagnes et al., 1994). 
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One additional limitation to the use of cell counts as the primary method of 
phytoplankton quantification.  Microscopic identification can only be performed on discrete 
samples (i.e. grab samples).  Monitoring programs that rely solely on water discrete samples, 
even taken routinely, might inadvertently miss cyanobacterial blooms due to the timing or 
location of sampling (Rantajärvi et al., 1998).  Cyanobacterial blooms can have a very patchy 
distribution, and they can be quickly shifted by wind or currents.  Sampling at a fixed number of 
points also lacks the broad geographical coverage needed for bloom detection in large water 
bodies such as the Great Lakes. 
The final option for quantifying phytoplankton in a water sample is the measurement of 
algal pigments, including chlorophyll and the accessory pigments.  Concentrations of chlorophyll 
a, the pigment common to all phytoplankton, are an accepted estimation of algal biomass 
(Hambrook Berkman and Canova, 2007).  Extracted chlorophyll concentrations from discrete 
samples can be assessed using a variety of methods, including spectrophotometry (Strickland and 
Parsons, 1968), high-performance liquid chromatography (HPLC) (Mantoura, Barlow et al., 
2005), and fluorometry (Welschmeyer, 1994).   These methods can also be employed to quantify 
group-specific accessory pigments, thereby enabling algal identification (as discussed below).  
Pigments are the preferred indicator of biomass because they can be measured both in vivo and in 
situ.  Fluorometry, in particular, offers the opportunity for real-time continuous phytoplankton 
monitoring and, when part of ship-board monitoring programs, broad geographical coverage.  
Newer fluorometers that target accessory pigments also allow for monitoring that focuses on one 
algal group, such as cyanobacteria. 
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2.4 Photosynthetic pigments in phytoplankton 
2.4.1 Algal groups according to pigments 
Algae as a collective term is not driven by genetic similarities.  Rather, all algae share a 
few common characteristics.  Some of these are comparable to higher plants, including a 
vascular structure and the use of pigments for photosynthesis.  Algae also share less evolved 
reproductive strategies than those seen in higher plants and animals (Ehrlich, 2010).  Besides 
these broad similarities, algae are differentiated according to their molecular sequence, cellular 
structure, and biochemistry (Graham and Wilcox, 2000).  These subdivision can be called “major 
algal groups,” a term which can be synonymous with the more technical phylum or division.  
There is no consensus as to the number of major algal groups.  The total count can range from 9 
to 13 depending on the source (Bellinger and Sigee, 2015; Graham and Wilcox, 2000; Jeffrey 
and Vesk, 2005).  As new microscopic and phylogenetic techniques are developed, new divisions 
have been introduced (Ehrlich, 2010).  Within the major groups, algae can be further sorted 
according to a variety of categories including motility (phytoplankton vs. periphyton), size 
(nano/micro/picoplankton), and habitat (freshwater vs. marine). 
One of the most straightforward methods for classifying phytoplankton is according to 
their photosynthetic pigments.  Chlorophyll a is the main photosynthetic pigment in the 
photosystems of all phytoplankton.  These photosystems are composed of an organized assembly 
of chlorophylls as well as accessory pigments (e.g., carotenoids, phycobilins) (Nelson and Cox, 
2005). The specific accessory pigments vary according to algal group.  Table 2.1 indicates the 
dominant pigments for the major algal groups of freshwater phytoplankton.  There are five 
spectral categories based on absorbance spectra linked to those pigments.  These include: (1) 
cyanobacteria (chl a/phycobilins); (2) cryptophytes (chl a and c/phycobilins); (3) chlorophytes 
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and euglenophytes (chl a and b); (4) diatoms, chrysophytes, and raphidophytes (chl a and 
c/fucoxanthin); and (5) dinoflagellates (chl a and c/peridinin) (Millie, Schofield et al., 2002).  
Details on the structure and absorbance of these pigments are discussed below. 
 
2.4.2 Chlorophylls and carotenoids 
 2.4.2.a Properties 
The function of the photosynthetic pigments is to absorb light and funnel the energy for 
use in photosynthesis.  Each type of pigment absorbs a characteristic wavelength range of light 
due to its unique structure.  Chlorophyll a has a planar heterocyclic structure (Figure 2.2) based 
on a chlorin ring.  The tetrapyrrole system also includes a fifth isocyclic ring (Jeffrey, 2005b).  
The aromatic structure surrounds a Mg2+ cation coordinated to the central nitrogen atoms.  A 
phytol side chain is attached to the carboxyl substituent of ring IV through esterification (Nelson 
and Cox, 2005). 
Besides chlorophyll a, there are several other chlorophyll variants commonly found in 
freshwater phytoplankton (Table 2.1).  Chlorophyll b has a very similar structure to chlorophyll 
a.  The only difference in its structure is the substitution of a formyl group for the methyl group 
on ring II (Figure 2.2).  Chlorophyll c is based on a porphyrin structure (not chlorin), with a fully 
unsaturated ring IV (Jeffrey, 2005b) and no phytol side chain.  The three chlorophyll c’s differ in 
the substitutions on ring II.  Chlorophyll c1 mimics chlorophyll a with both methyl and ethyl 
groups.  Both chlorophyll c2 and c3 have converted the ethyl group to a vinyl group, while 
chlorophyll c3 also substitutes a methyl ester for the methyl group (Figure 2.3). 
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Table 2.1 Major () and minor () pigments of the common freshwater algal groups.  No diamond indicates that the pigment is not 
present in significant amounts (Adapted from Jeffrey and Vesk, 2005). 
 
Major	  Algal	  Group:	   Cyanobacteria	   Cryptophyta	   Chlorophyta	   Euglenophyta	   Dinophyta	   Bacillariophyta	   Chrysophyta	   Raphidophyta	  
Chlorophylls	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
Chlorophyll	  a	           
Chlorophyll	  b	   	   	     	   	   	   	  
chlorophyll	  c1	   	   	   	   	   	    	    
chlorophyll	  c2	   	    	   	       
chlorophyll	  c3	   	   	   	   	   	   	    	  
Carotenes	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
β,ε	  (α-­‐carotene)	   	    	   	   	   	   	   	  
β,β	  (β-­‐carotene)	    	     	   	   	    
Xanthophylls	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
alloxanthin	   	    	   	   	   	   	   	  
19'-­‐butanoyloxyfucoxanthin	   	   	   	   	   	   	    	  
diadinoxanthin	   	   	   	        
dinoxanthin	   	   	   	   	    	   	   	  
fucoxanthin	   	   	   	   	   	      
lutein	   	   	    	   	   	   	   	  
neoxanthin	   	   	    	   	   	   	   	  
peridinin	   	   	   	   	    	   	   	  
violaxanthin	   	   	    	   	   	   	   	  
zeaxanthin	    	    	   	   	   	   	  
Biliproteins	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  
allophycocyanins	    	   	   	   	   	   	   	  
phycocyanins	     	   	   	   	   	   	  







Figure 2.2 Structures of chlorophyll a (main structure) and chlorophyll b (with indicated 
substitutions in the dashed boxes) (Adapted from Jeffrey et al., 2005). 
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Figure 2.3 Structures of chlorophylls c1 (main structure), c2, and c3 (with indicated substitutions 
in the dashed boxes) (Adapted from Jeffrey et al., 2005).  
 
  22 
The chromophoric properties of the chlorophylls can be attributed to the extensive 
conjugation within the ring.  In solution, chlorophylls show two absorbance maxima 
corresponding to red and blue light.  Absorbance of red light (650-700 nm) promotes the 
molecule to the first (S1) excited singlet state.  Absorbance of blue light (420-460 nm) raises the 
molecule to the second (S2) excited singlet state (Bowyer and Leegood, 1997).  This strong 
absorbance near 400 nm, known as the Soret band, is characteristic of the four nitrogens in a 
cyclic tetrapyrrole molecule (Britton, 1983).  Each chlorophyll variant has slightly different 
maxima.  The chlorophyll a absorbance spectrum has two sharp peaks at 430 and 662 nm.  
Chlorophyll b absorbs strongly at 456 and 645 nm.  The chlorophyll c’s have strong Soret bands 
from 445 to 455 nm, with weak absorbances near 577-585 and 623-629 nm (Jeffrey et al., 2005).  
In vivo, these spectra are slightly modified due to associations with proteins (see below) (Porra et 
al., 2005). 
The light-absorbance capabilities of algal photosystems are broadened by the inclusion of 
accessory pigments.  Carotenoids are the most diverse accessory pigments; approximately 30 
variants are suspected of having a function in photosynthesis (Takaichi, 2011).  These pigments 
can range in color from yellow to red to (rarely) purple (Nelson and Cox, 2005).  All carotenoids 
are derived from the same basic 40-carbon isoprenoid structure.  The center of the molecule is 
composed of a conjugated hydrocarbon chain that is symmetrical around the center double bond.  
As in chlorophyll, light is absorbed by the π electrons in the extended polyene structure, which 
are promoted to the excited state, π*.  Although cis isomers are theoretically possible, steric 
interference leads to predominantly trans structures (Britton, 1995).  Individual carotenoids 
differ according to their end groups, which can be straight-chained or cyclic.  There are over 600 
various carotenoid structures, but they can be divided into two general categories: (1) carotenes, 
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which are hydrocarbons and (2) xanthophylls, which contain oxygen (Bramley, 1997).  Figure 
2.4 shows the structures of some of the most common carotenoids found in freshwater 
phytoplankton (see also Table 2.1). 
Carotenoids absorb wavelengths between 400 and 500 nm (Britton, 1995), and the 
absorbance spectra often have three maxima.  The location and sharpness of those maxima are 
strongly impacted by the structure (Britton, 1983).  A larger number of double bonds stabilizes 
the system and induces a bathochromic shift.  Therefore β-carotene (11 conjugated double 
bonds) absorbs from 454-480 nm in acetone, while ζ-carotene (7 conjugated double bonds) 
absorbs from 380-426 nm.  A hypsochromic shift is induced by cyclization (Meléndez-Martínez 
et al., 2007).  Steric strain between ring substituents and the main chain leads to rotation and a 
loss of planarity.  Any π-orbitals in the ring no longer overlap with the extended π-system, and 
there is an effective reduction in conjugation (Britton, 1983).  For example, both the acyclic 
lycopene and the cyclic β-carotene contain 11 conjugated double bonds.  However, lycopene  
absorbs from 446-504 nm, while β-carotene absorbs from 454-480 nm in acetone (Meléndez-
Martínez et al., 2007).  In vivo, interactions between carotenoids and proteins increase the 
absorbance maxima by roughly 10 nm (Britton, 1983). 
 
2.4.2.b Biochemistry 
The majority of freshwater algae (except cyanobacteria) are eukaryotic organisms.  In 
these organisms, photosynthesis occurs in the chloroplasts (Bowyer and Leegood, 1997).  These 
oblong organelles are surrounded by a double membrane and filled with a gelatinous material 
called the stroma.  Within the stroma, there are a series of free-floating membranes. These 
thylakoid membranes consist of two layers (about 7 nm thick) separated by the lumen, a 4-70 nm 
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Figure 2.4 Structures of carotenoids characteristic to freshwater algal groups: (A) zeaxanthin in 
cyanobacteria, (B) alloxanthin in cryptophytes, (C) lutein in chlorophytes, and (D) fucoxanthin 
in diatoms (Adapted from Jeffrey et al., 2005).  
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space filled with proteins.  Some thylakoids are organized into granal stacks, of which there can 
be more than 50 per chloroplast.  The thylakoids contain four main protein complexes involved 
in the light reactions of photosynthesis: (1) the light-harvesting complex protein (LHCP), (2) 
photosystem II (PSII), (3) cytochrome b6f, and (4) photosystem I (PSI) (Dey et al., 1997).  The 
light-harvesting complexes incorporate photosynthetic pigments of the system.  The other protein 
complexes incorporate the enzymes and molecules necessary for the light-dependent reactions of 
photosynthesis (Nelson and Cox, 2005). 
The first step in photosynthesis is the harvesting of light by the photosynthetic pigments.  
The LHCPs in green plants can incorporate more than 300 chlorophyll molecules (Bowyer and 
Leegood, 1997).  When a molecule within the LHCP absorbs a photon of light, it rises to an 
excited state before relaxing back to the ground state.  During this relaxation, the molecule either 
(1) uses the energy for chemical processes (photosynthesis), (2) releases the absorbed energy as 
light (fluorescence) and heat, (3) passes the energy to a neighboring molecule, or (4) a 
combination of these (Nelson and Cox, 2005).  The majority of the pigments in the LHCPs do 
not actively participate in photosynthesis or release fluorescence (Rowan, 1989).  Instead, the 
antenna pigments funnel energy in an extended inter-pigment electron transport chain that 
terminates in two chlorophyll a dimers (P680 and P700) at the reaction centers of the 
photosystems (Britton, 1983).  At intermolecular distances <1.5 nm, this energy transfer occurs 
via delocalized exciton coupling, where the molecular orbitals of donor/acceptor molecules are 
in direct contact.  At intermolecular distances >2.0 nm, dipole-dipole interactions enable the 
conductance of energy by Förster resonance energy transfer (Bowyer and Leegood, 1997).  The 
entire transfer process is both efficient and quick, taking only picoseconds to occur (Britton, 
1983). 
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The LHCPs are closely associated with the photosystems in the thylakoid membranes, 
and the energy harvested is ultimately used to drive the light-dependent reactions of 
photosynthesis.  These reactions occur in the two photosystems according to an interconnected 
electron transport chain (Figure 2.5).  The series of reduction reactions in each photosystem is 
initiated by the excited chlorophyll in the reaction center.  In PSII, an excited electron from P680 
is initially transferred to a pheophytin molecule.  The negatively-charged pheophytin then 
reduces a plastoquinone, PQA, which in turn transfers an electron to another plastoquinone, PQB.  
Once PQB has received two electrons, the electrons travel through the cytochrome b6f complex.  
After the initial electron transfer, P680, now a radical cation, accepts an electron from the 
oxidation of water, thereby creating oxygen (Nelson and Cox, 2005).  The events in PSI follow a 
similar pattern.  Starting with the excitation of P700, an excited electron is transferred to another 
chlorophyll molecule, then vitamin K1, an iron-sulfur cluster, and finally to ferrodoxin and 
NADP+.  Meanwhile, the positive P700 is reduced by plastocyanin (Bowyer and Leegood, 1997). 
The photosynthetic biochemistry in cyanobacteria is similar to that in green plants.  
Electrons flow in a series of reduction reactions through PSII, a cytochrome complex, and PSI, 
which are embedded in the thylakoid membranes (Gantt, 1994).  However, as prokaryotes, 
cyanobacteria do not contain organelles, including chloroplasts.  Instead, the thylakoid 
membranes are located near the outer membrane of the cell.  They do not form grana, but they 
can be layered in concentric circles around the cell perimeter (Graham and Wilcox, 2000).  The 
other principal difference between cyanobacteria and other algae is the distribution and type of 
pigments used for light harvesting.  Cyanobacteria do contain some chlorophyll a in association 
with both photosystems (Fujita et al., 1994).  However, the ratio of the two photosystems in  
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Figure 2.5 Z-scheme representing the electron transport chain between Photosystems II (PSII) 
and I (PSI).  Electrons originate from the oxidation of water and are used to reduce NADP+.  
Abbreviations: PQA and PQB, plastoquinone; Chl, chlorophyll molecule; PQK, phylloquinone, 
vitamin K1; Fe-S, iron-sulfur cluster; Fd, ferrodoxin; NADP, nicotinamide adenine dinucleotide 
phosphate. (Adapted from Nelson and Cox, 2005).  
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cyanobacterial thylakoids is variable, depending on strain and growth conditions.  There is often 
a predominance of PSI and a smaller proportion of chlorophyll a associated with PSII (Myers et 
al., 1980).  Cyanobacteria also do not employ the chlorophyll/carotenoid-rich LHCPs.  Instead, 
light is harvested by phycobilisomes, composed of phycobiliproteins (Sidler, 1994).  These 
LHCPs are primarily associated with PSII, and their contribution to the excitation of PSI is still 
unclear (Mullineaux, 2008).   
 
2.4.2.c Extraction of lipophilic pigments 
The lipophilic chlorophylls and carotenoids in algal cells can be extracted using several 
organic solvents, including acetone, methanol, or ethanol (Gregor and Maršálek, 2004).  Each 
solvent option has both advantages and limitations.  The extraction efficiency can vary 
depending on cell type (Porra, 1991).  Toxicity of the solvents is also a factor.  For example, 
although dimethyl formamide yields the highest extraction percentage, its use is not 
recommended due to the accompanying safety hazards (Wright et al., 2005).  The use of 90% 
acetone as an extraction solvent is widely recommended (Arar and Collins, 1997; Strickland and 
Parsons, 1968; Wetzel and Likens, 1991).  The extraction solvent is then paired with an 
extraction method.  The most common of these is soaking filtered samples in the solvent for a 
certain period of time.  While this is the easiest method, there can be a lower percent recovery 
(~70%) of solubilized pigments in comparison with methods that incorporate grinding 
(pestle/homogenizer) (Scientific Committee on Oceanic Research – United Nations Educational, 
Scientific and Cultural Organization [SCOR-UNESCO], 1966) or sonication to disrupt the algal 
cell walls (Wright et al., 2005). 
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2.4.3 Phycobiliproteins 
 2.4.3.a Properties 
The phycobiliproteins are photosynthetic pigments only found in cyanobacteria, 
cryptophytes, and rhodophytes.  They include the pigment-protein complexes phycocyanin (PC), 
phycoerythrin (PE), allophycocyanin (APC), and (the more rare) phycoerythrocyanin (Rowan, 
1989).  Each protein contains two different polypeptide subunits of varying lengths; they are 
designated as α (15-20 kDa) and β (17-22 kDa) (Grossman et al., 1993).  The color of the 
phycobiliproteins arises from covalently-bound chromophoric prosthetic groups called 
phycobilins.  There are four primary phycobilins: the yellow phycourobilin (PUB), the red 
phycoerythrobilin (PEB), the purple phycobiliviolin (PXB), and the blue phycocyanobilin (PCB) 
(Sidler, 1994).  Like chlorophyll, these phycobilins also have a tetrapyrrole structure, although it 
is not cyclic (Figure 2.6).  The phycobilins differ according to the number of conjugated double 
bonds, which range from 5 for phycourobilin to 8 for phycocyanobilin.  The wavelengths of 
maximum absorbance follow the same pattern: 498 nm (PUB), 550 nm (PEB), 590 nm (PXB), 
and 640 nm (PCB) (Wedemayer et al., 1992). 
The phycobilins are attached to the polypeptide subunits through thioether linkages 
between the vinyl group on Ring A and/or D of the tetrapyrrole and a cysteine residue of the 
apoprotein (Glazer et al., 1979).  The type and number of phycobilins in the phycobiliprotein 
determines the absorbance (and color) of the biliprotein (Rowan, 1989).  Allophycocyanin is a 
blue-green pigment.  It absorbs at the longest wavelength, with a maximum at 650 nm.   Each 
subunit contains one attached PCB chromophore (Apt et al., 1995).  There is no difference in 
structure between cyanobacteria or rhodophytes, although allophycocyanin does not appear in 
cryptophytes (Wilk et al., 1999).  
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Figure 2.6 Structures of the two most prevalent phycobilins: (A) phycoerythrobilin, PEB, and 
(B) phycocyanobilin, PCB.  A thioether linkage is depicted between Ring A and a cysteine 
residue of the apoprotein (Adapted from Rowan, 1989).  
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The blue phycobiliprotein phycocyanin generally absorbs with a maximum around 620 
nm and includes three phycobilins whose composition varies (Apt et al., 1995).  In cyanobacteria 
and rhodophytes, there are two main forms of phycocyanin: C-phycocyanin (C-PC) and R-
phycocyanin (R-PC).  The prefixes were originally used to indicate whether the pigment had 
been extracted from a cyanophyte or a Floridian rhodophyte.  Regardless of source, the prefixes 
are still used to differentiate between structures (Rowan, 1989).  Both C-PC (Figure 2.7) and R-
PC contain one PCB on the α-subunit.  However, the β-subunit in C-phycocyanin includes two 
PCB’s, while R-phycocyanin has a combination of a PCB and PEB (Apt et al., 1995).  
Phycocyanin composition is more complicated in cryptophytes.  The α-subunit may contain PCB 
(Rowan, 1989) but may also contain mesobiliverdin (MBV), a green chromophore.  Meanwhile, 
the β-subunit is linked to 2 PCBs and dihydrobiliverdin (DBV), another unique cryptomonad 
phycobilin (Wedemayer et al., 1992). 
There are similar differentiations for variants of phycoerythrin.  This red pigment 
generally absorbs with a maximum around 560 nm.  The two subunits hold a combined five 
phycobilins (Rowan, 1989).  Both C- and R- versions share the same two PEB chromophores on 
the α-subunit.  The β –subunit is linked to an additional two PEBs with a third PEB in C-PE and 
a PUB as the third chromophore in R-PE (Apt et al., 1995).  The cyanobacterial phycoerythrins 
containing PUB show a strong absorbance at 497 nm along with the characteristic maximum 
near 560 nm (Rowan, 1989).  In cryptophytes, phycoerythrin composition again varies with 
species.  The α-subunit contains only one phycobilin, which may be PEB or some other bilin that 
absorbs at a longer wavelength.  The three bilins on the β-subunit can be entirely PEBs or a 
combination with other bilins unique to cryptomonads (Wedemeyer et al., 1992). 















Figure 2.7 Structure of c-phycocyanin.  The phycobiliprotein has three attached phycocyanobilin 
(PCB) chromophores (in gray): one on the α-subunit (blue) and two on the β-subunit (red) (from 
Adir et al., 2001).  
 
  33 
2.4.3.b Biochemistry 
Unlike chlorophylls and carotenoids, phycobiliproteins, are not located within the lipids 
of the thylakoid membranes.  In cryptophyte cells, the phycobiliprotein monomers (the αβ 
heterodimers) combine into α2β2 dimers (Wilk et al., 1999) in the thylakoidal lumen (Gantt et al., 
1971).  In a cyanobacterial cell, phycobiliproteins are incorporated into phycobilisomes.  These 
LHCPs are connected to the stromal side of the thylakoid membranes in various orientations 
(Gantt, 1994).  Phycobilisomes are composed primarily of proteins, the majority of which 
(~85%) are the phycobiliproteins.  The remaining percentage is nonpigmented linker 
polypeptides (Tandeau de Marsac and Cohen-Bazire, 1977).  These basic polypeptides have an 
electrostatic connection with acidic groups in the phycobiliproteins (Glazer, 1982).  These 
interactions enable the linker polypeptides to join the phycobiliprotein monomers into disc-
shaped trimer aggregates.  Trimers are then connected to form hexamer discs that are stacked 
into cylinders (Lundell et al., 1981) of varying length and composition.  These cylinders are the 
basic building unit of the phycobilisome. 
The most common shape of a cyanobacterial phycobilisome is hemidiscoidal (Figure 
2.8).  In this shape, there are two substructures, a core and an antenna system.  The core is bound 
to the thylakoid membranes by linker proteins (Sidler, 1994).  It is composed of either two (or 
three) cylinders of allophycocyanin.  Surrounding the core are six (or more) cylindrical antennae 
constructed with hexamers of phycocyanin and (sometimes) phycoerythrin.  The pigments are 
arranged so that phycoerythrin, when present, is on the outmost edges of the structure (Gingrich 
et al., 1982).  This arrangement optimizes the transmission of energy according to increasing 
wavelengths of maximum absorbance.  Energy is transferred in the rods from phycoerythrin to 
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phycocyanin, then to allophycocyanin in the core, and finally to photosystem-bound chlorophyll 
in the thylakoid membranes for use in photosynthesis (Sidler, 1994). 
 
2.4.3.c Extraction of water-soluble pigments 
Phycobiliproteins are water-soluble and can therefore not be extracted using the 
customary 90% acetone solvent.  Unlike chlorophylls and carotenoids, the chromophoric 
phycobilins also remain attached to their proteins during extraction (Rowan, 1989).  There is no 
consensus on an ideal extraction method.  Extraction has been performed with a wide range of 
buffers, including sodium phosphate (Konopko, 2007), bicarbonate/carbonate (Abalde et al., 
1998), sodium acetate (Bryant, 1982), Tris-Cl (Soni et al., 2006), Trizma/EDTA (Stewart and 
Farmer, 1984), and HEPES (Gupta and Sainis, 2010).  There is a corresponding range of solvent 
pHs from 5 to 10.5, although phycocyanin has been shown to be more stable at lower pHs (<7.5) 
and temperatures (<9°C) (Sarada et al., 1999).  Extraction of cyanobacterial cells is further 
complicated by their strong cells walls, which are difficult to lyse (Stewart and Farmer, 1984).  
As with solvents, disruption methods also vary.  Freeze-thaw cycles have gained some favor over 
other methods such as sonication or lysozyme application (Abalde et al., 1998; Sarada et al., 
1999).   
 
2.5 Quantifying photosynthetic pigments in phytoplankton 
2.5.1 High-Performance Liquid Chromatography 
The most accurate technique for separating and quantifying chlorophylls and carotenoids 
is reverse phase high-performance liquid chromatography (HPLC).  The pigment extracts are  
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Figure 2.8 A hemidiscoidal phycobilisome structure.  Six cylindrical antennae composed of 
phycoerythrin (PE) and phycocyanin (PC) surround a core of three allophycocyanin (APC) 
cylinders.  The phycobilisome funnels energy to photosystem II (PSII) in the thylakoid 
membrane (Adapted from MacColl, 1998).   
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injected through a monomeric C-18 derivatized silica column with an organic or aqueous/organic 
mobile phase.  Isocratic methods can employ an aqueous phase and either methanol or 
acetonitrile (Millie et al., 2010), but gradients of two (Pinckney et al., 1996) or three solvent 
mixtures can increase separation and resolution of pigments.  For example, the ternary gradient 
employed by Wright and Jeffrey (2005) led to the successful separation of more than 50 
chlorophylls, carotenoids, and derivatives.  Separation can also be aided by the addition of 
polymeric columns in series with the monomeric reversed-phase C18 column (Pinckney et al., 
1996).  Eluting pigments can be detected with a mass spectrophotometer, a photodiode array 
spectrophotometer, or a fluorometer.  Pigments are identified using retention times or spectra.  
Quantification requires comparison with known injections of standard pigments (Millie et al., 
2010). 
Earlier algal identification using HPLC was primarily qualitative.  Algal groups were 
identified based on the presence of their marker pigments (Table 2.1) (Jeffrey, 2005a).  Actual 
quantitation has been simplified by the MATLABTM program CHEMTAX.  Group-specific algal 
abundances are estimated using factor analysis and a steepest descent algorithm.  Three matrices 
are required for the program: pigment concentrations as determined using HPLC, group-specific 
pigment ratios, and a ratio limits matrix to control how much the program can alter pigment 
ratios.  The pigment ratios compare chlorophyll a and at least one (or a recommended two) 
accessory pigment concentrations to the total.  For example, cyanobacteria are quantified with 
ratios of both chlorophyll a and zeaxanthin (Mackey et al., 1996).  Although the program was 
initially tested with marine algae, its implementation has effective in identifying algae in 
freshwater systems.  Calculated group-specific chlorophyll a showed strong agreement with 
microscopic enumerations and in some instances seemed to be more sensitive by detecting a 
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larger number of algal groups (Schlüter et al., 2006).  The CHEMTAX program has also been 
employed to quantify algal groups in Lake Michigan (Millie, Fahnenstiel et al., 2002), Lake 
Huron (Millie et al., 2008), and Lake Erie (Millie et al., 2009), and significant cyanobacterial 
biomass was indicated in Saginaw Bay and Sandusky Bay. 
There are a few caveats to use of the CHEMTAX program.  The calculated 
concentrations are only effective when accurate pigment ratios are entered into the program.  It is 
recommended that the input ratios are derived from species in the sampled region (Millie et al., 
2008).  Pigment ratios can also change with growth conditions.  Cyanobacteria (zeaxanthin/chl 
a) and cryptophytes (alloxanthin/chl a), in particular, were noted to have variable ratios with 
different light treatments (Schlüter et al. 2006).  Changing environmental conditions could 
therefore lead to inaccurate cyanobacterial estimates.  The use of HPLC as the chosen method for 
pigment quantitation has only a few additional disadvantages.  The instrumentation is expensive, 
and data processing is more difficult than other methods  (Hambrook Berkman and Canova, 
2007).  However, the major drawback is that this method is only applicable to discrete samples, 




Spectrophotometry is the most common technique for quantifying extracted chlorophyll 
concentrations.  In this method, the absorbance of the extract is measured at several wavelengths, 
and the concentration is then calculated using a standard equation that includes the necessary 
absorbance coefficients.  The equations are usually trichromatic and focus on the red absorbance 
maximum of chlorophyll to avoid interference from the co-extracted carotenoids in the blue 
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region (Millie et al., 2010).  The absorbance coefficients are unique to each type of chlorophyll 
and are calculated according to Beer’s Law using the absorbance spectrum of the purified 
pigment in the solvent at the wavelengths of interest (Jeffrey and Welschmeyer, 2005).  Several 
examples of equations for chlorophyll a quantification (in µg/mL) using the absorbance (A) in 
90% acetone are given below: 
 
SCOR-UNESCO (1966):  C = 11.64 A663 – 2.16 A645 + 0.10 A630  [1] 
Strickland and Parsons (1968):  C = 11.6 A665 – 1.31 A645 – 0.14 A630  [2] 
Jeffrey and Humphrey (1975):  C = 11.85 A664 – 1.54 A647 – 0.08 A630  [3] 
 
These equations differ due to the methods used to determine extinction coefficients.  However, 
they are all suitable for determining chlorophyll a concentrations with less than 3% error (Jeffrey 
and Welschmeyer, 2005).  Similar multi-wavelength equations also exist for chlorophylls b and c 
and bulk carotenoids (Jeffrey and Welschmeyer, 2005; Parsons et al., 1984; Strickland and 
Parsons, 1968). 
There are several disadvantages to these spectrophotometric methods.  Absorbance and 
light scattering from alternate components in the extraction mixture can lead to error.  A 
correction for turbidity is often incorporated by assuming that particles absorb at 750 nm and 
subtracting the absorbance at that wavelength from the other absorbance measurements (Parsons 
et al., 1984).  However, the equations above also ignore the contribution of chlorophyll 
degradation products such as pheophytin (Strickland and Parsons, 1968).  Their associated 
absorbance can lead to overestimations of chlorophyll a by up to 60% (Mantoura, Jeffrey et al., 
2005).  Pigment extracts can be acidified to convert chlorophyll a to pheophytin, leading to a 
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decrease in absorbance.  Concentrations of both chlorophyll a and pheophytin are then calculated 
using equations that incorporate the absorbance pre- and post- acidification along with a 
correction factor for the decreased absorbance (Lorenzen, 1967).  Despite these corrections, 
spectrophotometric measurements still suffer from low sensitivity and may not be accurate at 
chlorophyll concentrations below 0.2 µg/mL (Strickland and Parsons, 1968).  
Unlike HPLC, spectrophotometry is not limited to extracted applications.  
Spectrophotometry can also be employed to identify phytoplankton due to group-specific 
differences in the absorption spectra of whole algal cells (Millie, Schofield et al., 2002).  A 
majority of this variation is due to the presence of group-specific accessory pigments, although 
cell shape can also affect the spectra (Sathyendranath et al., 1987).  Differences at three different 
wavelengths (481, 353, and 649 nm) are sufficient to separate phytoplankton into four categories 
according to the presence (or lack) of chlorophylls other than chlorophyll a (Johnsen et al., 
1994).  More detailed identifications are possible using fourth derivative spectra to highlight 
spectral differences attributed to characteristic pigments.  Millie, Schofield et al. (2002) were 
able to differentiate harmful cyanobacterial cultures from more benign species using this 
approach.  In field samples, whole cell absorption in the blue and red ends of the spectrum 
linearly correlate with extracted total chlorophyll a concentrations up to 50 µg/L, although there 
is still some interference from phaeopigments (Babin et al., 2003).  Absorption at 566 nm 
(phycoerythrin) and 621 nm (phycocyanin) indicate relative amounts of cyanobacteria versus 
other phytoplankton (Seppälä et al., 2005). 
Spectrophotometers are rarely deployed to monitor phytoplankton in situ.  However, near 
real-time monitoring is still possible through remote sensing (Hunter et al., 2010).  In this 
method, the light scattered by the water surface is detected by radiometric sensors attached to 
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satellites.  The spectral character of that light is dependent on the color producing agents (CPAs) 
in that water.  These CPAs fall into three general categories: (1) non-algal particulates,             
(2) chromophoric dissolved organic matter (CDOM), and (3) phytoplankton.  Complex retrieval 
algorithms are employed to separate the absorption of these first two categories and quantify the 
chlorophyll concentrations attributed to phytoplankton (Lesht et al., 2012). 
Remote sensing has recently been employed with some success in the Great Lakes (Lesht 
et al., 2012).  Calculated chlorophyll concentrations were reasonably correlated (r2 = 0.62) with 
extracted chlorophyll samples from the offshore in Lake Ontario (Watkins, 2009).  Data can also 
be interpreted for group-specific determinations.  Correlations (r2 > 0.6) have been observed in 
Lake Erie between satellite-data and cyanobacteria-specific chlorophyll (Becker et al., 2009) and 
phycocyanin (Vincent et al., 2004).  However, remote sensing does have several disadvantages.  
Real-time measurements may be impacted by weather and interfering cloud-cover.  Satellite data 
may have low spatial resolution (Kutser et al., 2005) and cannot be used in the nearshore.  
Finally, CDOM in the nearshore environment can lead to overestimations of chlorophyll 
concentrations (Watkins, 2009). 
 
2.5.3 Fluorescence 
Fluorometry is one of the most common and straightforward methods for quantifying 
pigment concentrations, both extracted and in vivo (Millie et al., 2010).  In this method, light is 
applied to induce the excitation of electrons from the singlet ground state (S0) to one of the 
excited singlet states (S1 or S2) (Lakowicz, 2006).  This excitation is followed by a rapid return 
to the ground state as the energy is released through several processes.  First, some energy is 
dispersed through nonradiative vibrational relaxation (Harris, 2016).  In the lower vibrational 
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state, energy could be transferred to a neighboring molecule through intersystem crossing.  
However, the most expedient path is the return from the excited singlet state to the ground 
singlet state through the emission of radiation, which is called fluorescence (Britton, 1983). 
Since some energy is nearly always lost through vibrational relaxation, the fluorescent emission 
has lower energy than the exciting radiation (Harris, 2016).  All fluorescing compounds have 
characteristic excitation and emission spectra that correspond to the energy absorbed or emitted 
(as fluorescence).  The excitation wavelengths match the compound’s absorbance as determined 
by structure, and the emission then occurs at longer wavelengths.  A fluorometer equipped with 
excitation and emission filters that match spectral maxima can then be used to selectively 
quantify concentration (Guilbault, 1990).  
Extracted chlorophyll a concentrations from phytoplankton have been measured via 
fluorescence since the 1960s.  Extracts were excited with broadband blue light filters, and 
fluorescence was measured in the red spectrum (Holm-Hansen et al., 1965).  This method was 
originally developed for oceanographic studies, and it was favored due to sensitivity up to 50 
times greater than spectrophotometry (Jeffrey, 2005a).  However, like spectrophotometry, there 
was interference from chlorophyll b and phaeopigments, which caused up to 20% error (Holm-
Hansen et al., 1965). Welschmeyer (1994) modified the technique by incorporating narrowband 
interference filters centered at 436 nm (excitation) and 680 nm (emission).  The excitation lamp 
that was selected emitted the lowest radiation at 408 nm, the absorbance maximum for 
phaeophytin a.  Although the narrowband filters decreased sensitivity, the new lamp/filter set-up 
increased selectivity for chlorophyll a quantitation.  This method is now widely used in water-
quality monitoring (Arar and Collins, 1997). 
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Fluorescence detection is advantageous because it is reliable and easy to implement.  
Additionally, pigment fluorescence can be utilized for both in vivo and in situ applications.  
There have been multiple studies conducted using in vivo chlorophyll fluorescence to detect algal 
blooms in real-time.  Like extracted chlorophyll a measurements, chlorophyll a fluorescence can 
be used as an estimate of algal biomass (Heaney, 1978; Lorenzen, 1966).  Chlorophyll 
fluorometers have been installed as part of ‘ferry-boxes’ on ships-of-opportunity to provide 
bloom distribution data as the ships routinely traveled across the Baltic (Leppänen et al., 1995; 
Rantajärvi et al., 1998; Schneider et al., 2006) and North Seas (Althuis et al., 1994; Holley and 
Hydes, 2002; Swertz et al., 1999).  In these systems, water is continuously pumped through a 
series of sensors from a fixed depth outside the ship.  Correlation with GPS data then allows for 
detailed and geographically broad analysis of bloom dynamics.  In vivo chlorophyll fluorescence 
can also be employed using buoys (Lee et al., 2005) and hut-based systems (Holley and Hydes, 
2002).  It is even possible to conduct vertical profiling of phytoplankton distribution using 
submersible pumps (Kiefer, 1973a) and/or probe fluorometers (Ghadouani and Smith, 2005). 
A main disadvantage in relying solely on chlorophyll a fluorescence measurements to 
monitor phytoplankton blooms is that they do not help differentiate between algal groups (Lee et 
al., 1995).  Chlorophyll a fluorescence does not distinguish cyanobacterial blooms from other 
phytoplankton blooms.  However, the fluorescence excitation spectra of the algal groups differ 
due to the varying absorbance peaks of the accessory pigments (Figure 2.9) that complement 
chlorophyll in algal photosystems (Bodemer, 2004; Jakob et al., 2005).  Recently, new 
fluorometric techniques have been developed that utilize this spectral variation by employing 
multi-wavelength excitation filters to distinguish between the chlorophyll fluorescence of 
different algal groups (Beutler et al., 2002; Parésys et al., 2005). 
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Figure 2.9 Absorption spectra of photosynthetic pigments. (Adapted from Nelson and Cox, 
2005)  
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The FluoroProbe from bbe Moldaenke GmbH (Schwentinental, Germany) is a 
submersible fluorometer that has a five-wavelength excitation capability and algorithm to 
differentiate the chlorophyll a contribution of four algal groups: green (chlorophytes and 
euglenophytes); blue (cyanobacteria); brown (diatoms, dinoflagellates, and chrysophytes); and 
mixed (cryptophytes and PE-rich cyanobacteria).  In laboratory and preliminary field tests, 
FluoroProbe measurements correlated linearly with HPLC-determined chlorophyll 
concentrations, with a minimum detection limit of 20 ng/L under optimum conditions (Beutler et 
al., 2002).  The FluoroProbe has been used to monitor phytoplankton assemblages in Czech 
drinking water reservoirs (Gregor and Maršálek, 2005; Gregor et al., 2007), Lake Erie (Depew et 
al., 2006; Ghadouani and Smith, 2005), and the Baltic Sea (van Beusekom et al., 2009).  It is also 
possible to calibrate the FluoroProbe using lab cultures to monitor for specific algal species, such 
as Planktothrix rubescens (Leboulanger et al., 2002).  However, most of these FluoroProbe 
studies have relied on discrete samples or depth profiles at assigned stations.  Only in the past 
decade has the FluoroProbe been evaluated in a flow-through system (Twiss and MacLeod, 
2008). 
Although all accessory pigments display characteristic excitation wavelengths, only the 
phycobilins, the main accessory pigments in cyanobacteria, fluoresce at wavelengths that are 
distinguishable from chlorophyll fluorescence.  Phycocyanin, the prominent phycobilin in 
freshwater cyanobacteria, fluoresces from 640-660 nm when excited with light from 590-620 nm 
(Gregor and Maršálek, 2005).  In fact, the excitation of phycocyanin influences the fluorescence 
of cyanobacteria more than excitation of chlorophyll (Lee et al., 1995).  Cyanobacterial 
chlorophyll fluorescence (excited at 425 nm) can be twelve times weaker than the chlorophyll 
fluorescence of diatoms, green algae, and flagellates.  This is because the chlorophyll a in 
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cyanobacteria is found predominantly in photosystem I (Campbell et al., 1998).  Unlike 
photosystem II, where 3-10% of absorbed energy is emitted as fluorescence, photosystem I 
shuttles absorbed energy towards photochemical processes or heat and is only weakly fluorescent 
(Mohanty, 1972).  Due to this weak cyanobacterial chlorophyll fluorescence, phycocyanin 
fluorescence has been found to be a better estimate of cyanobacterial biomass than chlorophyll 
fluorescence (Gregor and Maršálek, 2005; Lee et al., 1994), with a strong linear correlation (r2 > 
0.9) to phycocyanin concentrations between 0.01 and 10 µg/mL (Lee et al., 1995).  
In vivo phycocyanin fluorescence has been used to monitor cyanobacterial blooms in 
Asia and Europe using discrete samples (Ahn et al., 2007; Asai et al., 2000) and continuous 
monitoring (Izydorczyk et al., 2005; Seppälä et al., 2007).  Phycocyanin fluorescence has also 
been used in conjunction with multi-wavelength fluorescence excitation as part of more 
comprehensive studies into algal identification (Beutler et al., 2003; Gaevsky et al., 2005).  The 
use of phycocyanin fluorescence to determine the presence of cyanobacteria is advantageous 
because it offers fast results without any necessary pretreatment of the water to be analyzed 
(Izydorczyk et al., 2005), as opposed to methods of detection that rely on extracted samples. 
  
2.6 Limitations for pigment fluorescence methods 
2.6.1 Methodological interferences 
Although pigment fluorescence can be successfully used as an estimate for 
cyanobacterial biomass, there are several complicating factors that need to be considered when 
interpreting the data.  Some of the obfuscating factors are inherent to the methodology and 
instrumentation.  In continuous monitoring systems, changes in flow rate can affect fluorescence 
readings by altering the illumination and residence times in the fluorescence cell (Sweet, 1984).  
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Flowing conditions also exacerbate air bubbles and turbidity, whose light-scattering properties 
can lead to high background fluorescence (Althuis et al., 1994; Swertz et al., 1999).  Biofouling 
can obscure sensors after several weeks of deployment and lead to exponential increases in 
measurements (Manov et al., 2004). 
Depending on the wavelengths of excitation, there is the potential for interfering 
fluorescence from dissolved components of the water such as chromophoric dissolved organic 
matter (CDOM), which can play a significant role in freshwater and marine ecosystems.  CDOM 
absorbs both UV and visible light, although the absorption declines exponentially with 
increasing wavelength (Battin, 1998).  The fluorescence from CDOM is detrimental and can 
severely interfere with the detection of chlorophyll a, either by fluorescence (Carlson and 
Shapiro, 1981; Loftus and Seliger, 1975) or remote sensing detection methods (Schalles, 2006).  
Chlorophyll fluorescence measurements can potentially be corrected by subtracting the CDOM 
fluorescence from the total signal (Carlson and Shapiro, 1981).  Such corrections are 
complicated by CDOM distributions in large freshwater systems, which are known to be highly 
variable (Kutser et al., 2005).  The FluoroProbe was designed to implement the correction in situ 
by taking continuous “yellow substance” measurements at 370 nm (Gregor and Maršálek, 2004).  
There is also an option to implement a CDOM-correction that is specific to location by 
calibrating the instrument with filtered lake water.  However, this calibration is conducted using 
discrete samples that may not adequately characterize changing CDOM levels (Twiss and 
MacLeod, 2008; Twiss, 2011). 
 
2.6.2 Variability of phytoplankton 
Aside from the differences introduced by methodological issues, it is important to 
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remember that, in natural waters, algal pigments are present in different phytoplankton in 
varying amounts.  Measuring fluorescence only measures the pigment concentration, not the 
biomass or cell number (Asai et al., 2000).  Since the in-cell pigment concentrations can also 
change with environmental conditions, the calibration of fluorometers for fieldwork becomes 
particularly challenging.  In laboratory cultures, the in-cell phycocyanin and chlorophyll 
concentrations depend on the growth conditions, most especially the intensity of light (Sode et 
al., 1991).  Light conditions affect phytoplankton through photoacclimation, temporary changes 
in a cell’s pigment composition (Lutz et al., 2003).  In the lab, cyanobacterial cultures grown 
under differing light conditions undergo chromatic adaptation by altering their 
phycocyanin/phycoerythrin ratios (Tandeau de Marsac, 1977).  In the field, photoacclimation has 
been observed in phytoplankton growing at different depths and light intensities (Lutz et al., 
2003). 
Along with changes in the cellular pigment concentrations, phytoplankton cells are 
subject to changes in fluorescent response.  Environmental stress can affect a phytoplankton 
cell’s fluorescence by altering the ratio of energy released either to the photochemical center or 
as fluorescence.  High light intensities (as seen in the open water at noon) have been shown to 
damage the photosynthetic and fluorescence processes and lead to a decrease in fluorescence.  
This leads to diel variations in fluorescent response (Dandonneau and Neveux, 1997; Kiefer, 
1973a), although it seems to be a species-specific response (Loftus and Seliger, 1975).  Low 
nutrient concentrations can also stress cells and increase in vivo chlorophyll fluorescence (Kiefer, 
1973b) due to decreased energy partitioning to photosynthesis. A similar effect occurs when cells 
have a change in their growth stage.  As cells age, there is a marked increase in fluorescence.  
  48 
The effect is particularly high in cyanobacteria due to fluorescence emitted by phycobilisomes 
that became decoupled from PSII due to nutrient stress (Parésys et al., 2005). 
It is possible to partially correct chlorophyll fluorescence measurements with the addition 
of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) to samples.  This herbicide blocks the 
transfer of absorbed energy in a cell towards photosynthesis and shifts that energy towards 
fluorescence (Roy and Legendre, 1979).  The addition of DCMU thus eliminates the variability 
in fluorescent response caused by factors that affect the photosynthetic rate, such as 
phytoplankton age, nutrient stress, and the number of photosynthetic units.  However, DCMU 
does not eliminate the effects of photoacclimation and cell irradiation.  Due to the toxicity of 
DCMU for phytoplankton, this approach is only applicable in lab measurements.  Therefore, to 
account for the variability of fluorescence in phytoplankton in situ, many studies (Holley and 
Hydes, 2002; Seppälä et al., 2007) rely on a calibration of the fluorescence data after deployment 
using extracted pigment concentrations of water collected during sampling.  In this manner, 
fluorescence measurements are correlated to the pigment levels and fluorescence trends of the 
cells that were being monitored (Reed et al., 2010). 
The proposed work seeks to optimize a flow-through system composed of commercial 
fluorometers for the monitoring of phytoplankton by addressing these confounding variables.  
These instruments will be evaluated for their effectiveness in measuring phytoplankton, 
especially cyanobacteria.  Calibration efforts will address the variability in fluorescence 
associated with cell type to allow for accurate measurements of diverse phytoplankton 
populations in large freshwater systems.  This application will be illustrated by deployment in 
both the nearshore and pelagic waters of Lake Ontario. 
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Chapter 3 




Phycocyanin is the major accessory pigment found in freshwater cyanobacteria.  
Extracted concentrations of this pigment can be used as a proxy for cyanobacterial biomass.  
However, there is currently no generally accepted method for phycocyanin extraction in the 
analytical protocol.  This work focused on comparing five cell-disruption techniques with seven 
solutions for the extraction of filtered cyanobacterial cells.  Both glass fiber and polycarbonate 
filters were considered.  Extraction methods were evaluated based on two factors: the maximum 
percent extraction versus the control and the highest optical purity of the extract.  The optimal 
method involved extracting cyanobacterial cells on 1-µm polycarbonate filters in 10 mM 
phosphate buffer (pH 6.8) with three freeze-thaw cycles and gentle rotation.  This method 
extracted the highest percentage of phycocyanin (105%) compared to the control samples 
extracted in DI water with probe sonication.  When combined with fluorometric analysis, the 






                                                
1 To be submitted as Pavlac, M.M., E. Konopko, and G.L. Boyer to Limnology and 
Oceanography: Methods. 
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3.2 Introduction 
Phycobilins are the major accessory pigments found exclusively in cyanobacteria, 
cryptophytes, and rhodophytes (Stewart and Farmer, 1984).  Structurally, phycobilins are 
composed of a series of four open chain tetrapyrroles with an extended polyene system.  Each 
phycobilin molecule is linked to a specific binding protein to form a protein complex, or 
phycobiliprotein (Nelson and Cox, 2005).  Phycobiliproteins absorb visible light between 450-
650 nm and are grouped according to structure and their color.  They include phycoerythrin 
(red), phycocyanin (blue), and allophycocyanin (blue-green).  These phycobiliproteins are 
combined to form phycobilisomes, the major light-gathering structures in cyanobacteria and 
rhodophytes (Glazer, 1982). 
Because of the specificity of their distribution, phycobilins have become popular marker 
pigments to indicate cyanobacterial algal biomass.  There are currently several methods for 
monitoring for cyanobacteria using phycocyanin measurements.  These include phycocyanin 
fluorescence (Ahn et al., 2007; Asai et al., 2000; Seppälä et al., 2007) and remote sensing using 
the spectral absorbance of phycocyanin (Randolph et al., 2008; Stumpf et al., 2016).  Such 
methods are often ground-truthed against microscopic cell counts (Seppälä et al., 2007), but such 
validation requires time and taxonomic training.  Extracted phycocyanin measurements have the 
potential for being a fast and reliable method for the quantification of cyanobacterial biomass.  
They can also be correlated to both cyanobacterial cell counts and cyanobacterial chlorophyll 
(Ahn et al., 2007).  However, there is currently no generally accepted method for phycocyanin 
extraction (Lawrenz et al., 2011). 
An effective phycocyanin extraction method requires two factors: a cell disruption/lysis 
technique and an extraction buffer that keeps the protein soluble.  Cyanobacteria are surrounded 
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by a strong cell wall that is more resistant to disruption than the cell walls of other phytoplankton 
(Stewart and Farmer, 1984).  Extraction techniques have included multiple freeze-thaw cycles 
(Hemlata et al. 2011; Soni et al. 2006), homogenization, sonication (Horváth et al., 2013), 
grinding with a mortar and pestle, acid extraction (Sarada et al., 1999), vortexing, shaking, 
enzyme hydrolysis (Gupta et al. 2010), or nitrogen cavitation (Viskari and Colyer, 2003).  
Studies have demonstrated that freeze-thaw cycles can extract twice the cellular phycocyanin 
compared to sonication (Abalde et al., 1998), homogenization (Hemlata et al., 2011), or grinding 
(Lawrenz et al., 2011).  Others (Bermego et al. 2003) suggest that freeze-thaw cycles have a 
lower extraction potential compared to enzyme hydrolysis or simple stirring in extraction 
solvent.  Sarada et al. (1999) found the yields with both freeze-thaw cycles and homogenization 
did not differ when samples were pre-treated with acid (although there was difference in the 
resulting pigment purity).   
Comparison of extraction yields is complicated by the usage of a variety of solvents.  
Phycobiliproteins are very water-soluble and must be maintained in solution without 
denaturation, necessitating a different extraction solvent than the 90% acetone or methanol 
typically used for chlorophyll analysis (Johnsen et al., 2011).  Dilute buffers near pH 7 can be 
used to disassociate the phycobilisomes into their protein subcomponents (Glazer, 1994).  
Phosphate buffer is the most widely used solution for extracting phycobilin (Horváth et al., 2013; 
Lawrenz et al., 2011; Silveira et al., 2007).  Other buffers, including carbonate (Abalde at el 
1998) and sodium acetate (Bermejo et al., 2003), have also facilitated high phycocyanin 
extraction.  Adding detergents such as CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate) may increase this extraction efficiency (Zimba et al., 2012).  Antimicrobials 
(e.g., NaN3) (Abalde et al., 1998; Sun et al. 2009) and protease inhibitors (e.g., phenylmethane 
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sulfonyl fluoride, PMSF) (Benedetti et al., 2006; Ivleva et al., 2007) that prevent degradation of 
samples (Abalde et al., 1998; Sun et al., 2009) may also be useful. 
These conflicting reports on both extraction techniques and extraction solutions make it 
difficult to choose the best method for quantifying phycocyanin.  In addition, the type of sample 
to be extracted needs to be considered.  The majority of studies focus on extracting phycocyanin 
from wet or lyophilized cyanobacterial biomass.  For environmental monitoring, samples are 
more likely to be collected on filters.  Comparative extraction experiments have indicated that 
samples collected on glass fiber filters produced a phycocyanin yield that was 3-fold lower than 
the yield from lyophilized biomass samples when extracted in the same manner (Lawrenz et al., 
2011).  Hence filtered samples may require a different extraction process.  Here we examine 
multiple exaction methods to identify a method for phycocyanin extraction that includes the best 
choice of filter, extraction method, and extraction solution to maximize speed, efficiency, and 
phycocyanin recovery from the common bloom-forming cyanobacterium, Microcystis 
aeruginosa.  
 
3.3 Materials and procedures 
3.3.1 Cultures and sample collection 
Microcystis aeruginosa UTEX LB 2061 was cultured in BG-11 media (Atlas, 2005).  The 
culture was grown in a 2.4-L Fernbach flask containing 1.4 L of media at room temperature (c. 
21°C) without bubbling.  The ambient light in the room was a combination of natural sunlight 
and fluorescent light and ranged between 10 - 50 µmol m-2 s-1.  The culture (c. 1.09 x 107 
cells/mL) was harvested in the late log phase (Wright et al., 2005) and diluted by a factor of five 
with BG11 media.  The diluted culture was filtered onto Whatman 47-mm diameter 934-AH 
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glass fiber (GF) filters or Whatman Nucleopore 47-mm diameter, 1-µm polycarbonate filters.  
Samples of the BG-11 medium were also filtered to act as blanks.  Filters were kept frozen at -
21ºC for a maximum of one month until extraction. 
 
3.3.2 Extraction methods 
Five extraction methods were evaluated for each filter type.  All samples were extracted 
under low light conditions (~0.1 µmol m-2 s-1).  Except for the enzymatic hydrolysis, each 
method was evaluated using all extraction solutions (see below).  The methods tested included: 
(I) Probe sonication:  Extraction solution (10 mL) was added to the filters prior to probe 
sonication at 42 watts for three 20-second bursts on ice.  Samples were then centrifuged for 10 
min at 10,000 x g.  For the polycarbonate filter samples, filters were removed prior to 
centrifugation.  For the GF filter samples, additional clarification of the supernatant using 15-mm 
diameter, 0.2 µm regenerate cellulose syringe filters (Gellmann) was performed prior to 
quantification. 
(II) Probe sonication with enzymatic lysis: A solution of 0.25 M Trizma, 10 mM 
disodium EDTA with 2 mg/mL lysozyme was added to the filters prior to probe sonication at 42 
W for three 20 s bursts on ice.  After sonication, polycarbonate filters were removed.  The pH of 
the samples was then adjusted to either 5.0, 7.0, or 8.0 using HCl before incubation at 37ºC for 2 
h.  After incubation, samples were allowed to sit in the dark at 4ºC.  The pH of the samples was 
then adjusted to 7.0 before increasing the volume to twice the original using DI water.  Samples 
were centrifuged at 10,000 x g for 10 min.  The GF filter samples were filtered through 0.2 µm 
syringe filters as described above. 
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(III) Freeze (-21ºC)-Thaw (room temperature): Extraction solution (10 mL) was added to 
filters prior to three freeze-thaw cycles.  Filters were then removed, and the sample extracts were 
centrifuged for 15 min at 10,000 x g.    
(IV) Freeze (-21ºC)-Thaw (4ºC) with bath sonication: Extraction solution (10 mL) was 
added to filters prior to three freeze-thaw cycles.  During the thaw cycles, samples were bath 
sonicated in a Branson B-32 Ultrasonic Cleaner (50/60 Hz) in cold water with ice packs.  After 
the final thaw, samples extracts were centrifuged for 15 min at 10,000 x g.  The GF filter 
samples were also filtered through 0.2 µm syringe filters. 
(V) Freeze (-21ºC)-Thaw (4ºC) with rotation: Extraction solution (10 mL) was added to 
filters prior to three freeze-thaw cycles.  During the thaw cycles, samples were mixed on a 
rotating wheel apparatus constructed from a circular fraction collector (Konopko, 2007).  This 
wheel held samples at a 30º angle and rotated at 60 revolutions per min.  Samples were 
centrifuged after the final thaw for 15 min at 10,000 x g.  The GF filter samples were also 
syringe-filtered (see above). 
 
3.3.3 Extraction solutions 
Except for the enzymatic method (II), all the afore-mentioned extraction methods were 
evaluated using a variety of extraction solutions.  They included: (A) Millipore deionized (DI) 
water; (B) 10 mM phosphate buffer at pH 6.8 (Konopko, 2007); (C) 0.05 M TrisHCl at pH 7.0; 
(D) 0.09 M CaCl2; (E) 0.15 M NaCl; (F) alkaline buffer: 0.006 M NaHCO3, 0.005 M CaCO3 at 
pH 10.5 (Abalde et al. 1998); (G) 50 mM phosphate buffer with 4 mM of the antimicrobial NaN3 
and 2 mM of the antioxidants 2-mercaptoethanol and  EDTA at pH 7.0 (adapted from Sun et al. 
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2009); and (H) 50 mM phosphate buffer with 1 mM of the protease inhibitor PMSF, 1 mM 
NaN3, 2 mM EDTA, and 2% 2-mercaptoethanol (adapted from Benedetti et al. 2006). 
 
3.3.4 Phycocyanin quantification 
The phycocyanin concentration of the samples extracts was determined both 
spectrophotometrically and fluorometrically.  Analysis was conducted under low light (~0.1 
µmol m-2 s-1) or red light conditions (<0.05 µmol m-2 s-1) to prevent pigment degradation (Arar 
and Collins, 1997).  For spectrophotometric determinations, the absorbance of the samples was 
measured between 400 and 800 nm on a single-beam UV/VIS spectrophotometer (Milton Roy 
Spectronic 3000 Array).  The concentration of phycocyanin was calculated using the equation of 
Beer and Eshel (1985), which compensated for a slanted baseline caused by the absorbance of 
other extracted cell components. 
PC (mg/mL) = [(A618-A645) – (A592-A645)*0.51]*0.15  [1] 
For fluorometric determinations, the phycocyanin concentration in the sample extracts 
was determined using a Turner Designs 10-AU fluorometer equipped with a cool white lamp and 
narrowband interference filters at 577 nm (excitation) and 660 nm (emission) (Konopko 2007).  
The fluorometer was calibrated using lyophilized Microcystis aeruginosa powder rehydrated in 
sodium phosphate buffer.  The concentration of phycocyanin was determined using equation [1].  
Both fluorometric and spectrophotometric samples were corrected for the method blank. 
 
3.3.5 Statistical analysis 
Results were expressed as a percentage relative to the control treatment, the method with 
the highest extraction yield.  This control was a culture sample filtered onto a polycarbonate 
  72 
filter and extracted with DI water using probe sonication.  Statistical analysis was performed on 
the data using SigmaPlot (13.0) Software.  Data were analyzed using One Way Analysis of 
Variance on Ranks with post-hoc comparison using the Holm-Sidak method.  A p-value <0.05 
was treated as significant.  All data except the absorbance ratios were log-transformed prior to 
analysis. 
 
3.3.6 Determination of method detection limits and linearity 
The method detection limit (MDL) and linearity were determined for the freeze-thaw 
method using the 10 mM phosphate buffer and samples extracted from polycarbonate filters.  For 
the detection limits, seven blank filters were extracted and then measured both fluorometrically 
and spectrophotometrically to determine background readings.  The standard deviation of the 
blank readings (fluorescence or absorbance) was calculated.  A diluted sample of Microcystis 
aeruginosa (c. 1.63 x 106 cells/mL) was filtered onto polycarbonate filters and extracted.  The 
sample extract was then diluted to read five times the standard deviation of the blank before 
being quantified both fluorometrically and spectrophotometrically nine times.  The method 
detection limit was estimated by multiplying the standard deviation of the nine replicates by 
2.86, the t-test value for 98% confidence and 8 degrees of freedom (Taylor and Cihon, 2004). 
To determine the linearity of the extraction method, Microcystis aeruginosa was serially 
diluted six times with the BG-11 medium.  The cell count of these six solutions was determined 
using a Beckman-Coulter Z2 Particle Counter and Size Analyzer, with 200 µL of solution added 
to 10 mL of the 0.2 µm-filtered counting solution (1% NaCl, 50 mM PO4-3, pH 7.4).  Both 4 and 
8 mL of each of the six dilutions were filtered in duplicate onto polycarbonate filters and 
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extracted according the same method used for the MDL.  Phycocyanin concentrations were 
fluorometrically measured using the Turner Designs 10-AU fluorometer. 
 
3.4 Results 
3.4.1 Effect of filter type and extraction method on extraction efficiency  
Five extraction protocols for phycocyanin on filters were compared using DI water as the 
extraction solvent (Table 3.1).  For all trials, the % recovery of phycocyanin from polycarbonate 
filters was greater than from the GF filters.  For polycarbonate filters, the highest recovery was 
obtained using probe sonication (I), which was set at 100% recovery. Probe sonication was 
significantly different from all other extraction techniques except freeze-thaw cycles with 
rotation (V) at 71%.  For the GF filters, there was no significant difference between the 
extraction procedures.  However, probe sonication with (II) and without (I) lysozyme resulted in 
slightly higher extraction efficiencies.   There was also no significant difference between the 
three pH (5, 7, and 8) conditions used with lysozyme hydrolysis (data not shown).  For GF 
filters, percentages in individual samples extracted with lysozyme ranged from 3.65-31.0%.  
Extraction from polycarbonate filters using lysozyme hydrolysis ranged from 36.4-55.4%.  For 
both filter types, the extraction solutions at both pH 5 and 8 resulted in slightly lower, but not 
significant, extraction efficiencies.  Only the results for pH 7 were included in Table 3.1 for 
comparison with other extraction methods. 
 
3.4.2 Effect of extraction solution on extraction efficiency  
The results of the eight different extraction solutions for four extraction methods are 
given in Table 3.2.  As with the DI water extraction (Table 3.1), the most effective extraction 
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Table 3.1 Extracted phycocyanin according to filter type and method.  All samples (except 
method II) were extracted in DI water.  Phycocyanin concentrations were determined 
fluorometrically and expressed as an extracted percentage relative to the control sample 
(polycarbonate filters with Probe (I)).  Each value is an average of replicates (n=4) with the 
corresponding standard deviation (STD).  The highest percentage for each filter is bolded; this 
value is significantly different from starred (*) values in the same group.  
 
 GF Filters Average % (± STD) 
I Probe  22.2 ± 6.9 
II Probe, Enzyme (pH 7.0)  23.4 ± 7.0 
III Freeze-Thaw, Room T  17.4 ± 11.9 
IV Freeze-Thaw, Bath  9.73 ± 3.11 
V Freeze-Thaw, Rotation 9.39 ± 5.19 
 Polycarbonate Filters % Control 
I Probe  100.  ± 6 
II Probe, Enzyme (pH 7.0) *51.7 ± 3.6 
III Freeze-Thaw, Room T  *44.8 ± 13.7 
IV Freeze-Thaw, Bath  *45.8 ± 7.4 
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Table 3.2 Extracted phycocyanin according to filter type, method, and extraction solution. 
Phycocyanin concentrations were determined fluorometrically and expressed as an extracted 
percentage relative to the control sample (polycarbonate filters with Probe (I)).  Each value is an 
average of replicates (n=4) with the corresponding standard deviation (STD).  The highest 
percentage for each extraction method by filter is bolded; this value is significantly different 
from starred (*) values in the same group. 
 Extraction 
Method: 
Probe    (I) Room T (III) Bath   (IV) Rotation (V) 
 GF Filters 
AVE %       
(± STD) AVE %       (± STD) AVE %       (± STD) AVE %       (± STD) 
A DI water 22.2 ± 6.9 17.4 ± 11.9 9.73 ± 3.11 *9.39 ± 5.19 
B 10 mM buffer 21.2 ± 3.6 7.37 ± 4.46 *5.67 ± 4.79 *4.48 ± 1.85 
C 0.05 M TrisHCl 15.0 ±  4.5 11.3 ± 6.5 *7.87 ± 1.73 *9.37 ± 1.21 
D 0.09 M CaCl2 *3.64 ± 1.70 *0.62 ± 0.28 *3.60 ± 1.25 *0.06 ± 0.03 
E 0.15 M NaCl 17.7 ± 3.3 9.75 ± 7.29 19.2 ± 3.39 10.8 ± 5.9 
F Alkaline buffer *3.63 ± 0.78 *1.58 ± 0.53 *4.66 ± 0.40 *4.67 ± 1.38 
G 50 mM buffer, 
antimicrobials 
15.1 ± 2.3 12.4 ± 3.2 7.65 ± 5.14 11.6 ± 1.4 
H 50 mM buffer, 
PMSF 
11.6 ± 9.1 27.7 ± 42.0 *8.27 ± 4.08 23.9 ± 4.1 
  
Polyc. Filters 
AVE %       
(± STD) AVE %       (± STD) AVE %       (± STD) AVE %       (± STD) 
A DI water 100. ± 6 44.8 ± 13.7 45.8 ± 7.44 70.6 ± 20.3 
B 10 mM buffer *42.9 ± 12.2 32.2 ± 5.5 33.7 ± 15.1 105 ± 39 
C 0.05 M TrisHCl *29.2 ± 8.6 28.2 ± 8.6 33.1 ±  1.6 78.0 ± 11.9 
D 0.09 M CaCl2 *4.64 ± 0.34 *6.02 ± 1.93 *15.5 ± 4.3 *53.5 ± 20.2 
E 0.15 M NaCl *39.4 ± 5.5 18.7 ± 14.6 *21.7 ± 12.5 91.0 ± 0.7 
F Alkaline buffer *5.59 ± 1.68 *4.50 ± 1.02 *6.89 ± 1.19 *10.4 ± 2.2 
G 50 mM buffer, 
antimicrobials 
*37.6 ± 9.2 *7.83 ± 4.92 *8.62 ± 0.51 *39.0 ± 3.6 
H 50 mM buffer, 
PMSF 
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method for GF filters was probe sonication (I).  DI water (A), 0.15 M NaCl (E), and 50 mM 
phosphate buffer with PMSF (H) resulted in the highest extraction percentages of GF filters.  The 
lowest phycocyanin concentrations were extracted with 0.09 M CaCl2 (D) and the alkaline buffer 
(F).  Extraction with both of these solutions were always significantly lower than the highest 
extraction percentage.  Extraction solution played the largest role when extracting phycocyanin 
from GF filters using freeze-thaw cycles with either bath sonication (IV) or rotation (V).  With 
bath sonication, the 0.15 M NaCl solution extracted significantly more phycocyanin (19.2%) 
than five of the other extraction solutions.  With rotation, the 50 mM phosphate buffer (23.9%) 
was also more efficacious than five of the other extraction solutions. 
The most generally effective method for extracting phycocyanin from polycarbonate 
filters with varying solutions using multiple freeze-thaw cycles with rotation (V).  Probe 
sonication (I) was the optimal extraction method only in DI water (A).  DI water (A) and 10 mM 
phosphate buffer (B) led to the highest extraction of phycocyanin from samples for most 
methods. As with the GF filters, 0.09 M CaCl2 (D) and the alkaline buffer (F) were the least 
effective extraction solutions with respect to their extraction efficiency (Table 3.2).  Choice of 
extraction solution was most influential with probe sonication (I), where DI water was 
significantly better than all other extraction solutions. 
 
3.4.3 Phycocyanin enrichment relative to chlorophyll 
Along with the percentage of phycocyanin extracted, the ratio of extracted phycocyanin 
relative to extracted chlorophyll was evaluated in conjunction with method and solution choices.  
In the absorbance spectra for the extracted samples, phycocyanin absorbance had a maximum at 
618 nm.  With some methods and solutions, chlorophyll co-extracted with phycocyanin.  This  
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Figure 3.1 Absorbance spectra of GF filter samples for extraction methods with the highest 
percent recoveries of phycocyanin: probe (I), probe with enzymatic hydrolysis (II), and freeze-
thaw at room temperature (III).  The displayed spectra are an average of replicates (n=4) 
extracted in DI water.  The spectra were corrected for the method blank absorbance, and the peak 
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Figure 3.2 Absorbance spectra of polycarbonate filter samples for extraction methods with the 
highest percent recoveries of phycocyanin: probe (I) and freeze-thaw with rotation (V).  The 
displayed spectra are an average of replicates (n=4) extracted in DI water.  The spectra were 
corrected for the method blank absorbance, and the peak at 680 nm was set at 0.01 absorbance 
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chlorophyll was characterized by an absorbance peak at 680 nm, the maximum absorbance peak 
of protein-bound chlorophyll a (Cinque et al., 2000).  Figures 3.1 and 3.2 show the absorbance 
spectra of samples extracted using the highest-extracting methods for GF filters (methods I, II, 
and III) and polycarbonate filters (methods I and V).  For both types of filters, probe sonication 
co-extracted a higher concentration of chlorophyll compared to using freeze-thaw cycles.  The 
extraction with probe sonication or enzymatic hydrolysis of GF filter samples did not result in an 
identifiable phycocyanin absorbance maximum (Figure 3.1), although this maximum was 
observable in samples extracted from polycarbonate filters (data not shown). 
This difference in purity was quantified by examining the ratio of absorbance at 618 nm 
and 680 nm, the absorbance maxima of phycocyanin and chlorophyll a, respectively.  An 
increasing A618/A680 ratio indicated a higher enrichment of phycocyanin relative to co-
extracted chlorophyll.  Table 3.3 shows the average A618/A680 ratio for samples extracted in DI 
water (A). For GF filters extracted in DI water, the highest enrichment was observed with freeze-
thawing at room temperature (III).  This enrichment was significantly higher than samples 
extracted with probe sonication (I) or freeze-thaw with rotation (V).  Probe sonication of GF 
filters resulted in the lowest phycocyanin enrichment in various extraction solutions, with 
A618/A680 ratios near or less than 1.0 (Table 3.4).  There was no trend as to which extraction 
solution produced the highest phycocyanin enrichment among the extraction methods.  
Extraction methods (III) and (V) had statistically similar A618/A680 ratios for all but one 
extraction solution (calcium chloride (D) and DI water (A), respectively).  For freeze-thaw with 
bath sonication, DI water did result in a significantly higher enrichment compared to five of the 
other solutions. 
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The greatest enrichment of phycocyanin relative to chlorophyll with polycarbonate filters 
was obtained using multiple freeze-thaw cycles with rotation (Tables 3.3, 3.4).  The enrichment 
was significantly higher than extraction with probe sonication, with and without enzyme (Table 
3.3).  Probe sonication resulted in the highest chlorophyll co-extraction with the other extraction 
solutions (Table 3.4).  There was no trend as to which extraction solution produced the highest 
phycocyanin enrichment among the extraction methods.  When comparing solutions for freeze-
thaw cycles with rotation (V), the alkaline buffer (F) resulted in the highest co-extraction of 
chlorophyll.  The phosphate buffer (B) gave the highest ratio of phycocyanin relative to 
chlorophyll, as illustrated in Figure 3.3. 
 
3.4.4 Method detection limits and linearity 
The method detection limit was determined for extracting phycocyanin from 
polycarbonate filter samples extracted using freeze-thaw cycles with rotation (V) and 10 mM 
phosphate buffer (B).  The fluorometric method detection limit was 1.21 µg/L.  The 
spectrophotometric detection limit (with equation [1]) was 111 µg/L.  The measurement of 
phycocyanin using a fluorometer was therefore almost 100 times more sensitive than using 
spectrophotometry.  Phycocyanin extracted from different concentrations of filtered Microcystis 
aeruginosa UTEX LB 2061 is shown in Figure 3.4.  The extraction method with fluorometric 
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Table 3.3 Enrichment of phycocyanin relative to chlorophyll a according to filter type and 
extraction method as indicated by the ratio of A618/A680.  The spectra were corrected for the 
method blank absorbance, and the peak at 680 nm was set at 0.01 absorbance units to allow 
comparison.  Results are averages and standard deviations (STD) of replicates (n=4) extracted in 
DI water.  The highest ratio for each filter type is bolded; this value is significantly different 
from starred (*) values in the same group. 
 GF Filters Average Ratio (± STD) 
I Probe  *0.70 ± 0.10 
II Probe, Enzyme (pH 7.0) 1.4 ± 0.3 
III Freeze-Thaw, Room T 1.6 ± 0.1 
IV Freeze-Thaw, Bath  1.4 ± 0.1 
V Freeze-Thaw, Rotation *0.23 ± 0.52 
 Polycarbonate Filters   
I Probe  *0.95 ± 0.09 
II Probe, Enzyme (pH 7.0)  *1.2 ± 0.0 
III Freeze-Thaw, Room T 1.4 ± 0.2 
IV Freeze-Thaw, Bath  1.3 ± 0.1 
V Freeze-Thaw, Rotation 1.5 ± 0.2 
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Table 3.4 Enrichment of phycocyanin relative to chlorophyll according to filter type, extraction 
method, and extraction solution as indicated by the ratio of A618/A680.  The spectra were 
corrected for the method blank absorbance, and the peak at 680 nm was set at 0.01 absorbance 
units to allow comparison.  Results are averages and standard deviations of replicates (n=4).  
Bolded values represent the highest ratio for each extraction method by filter, which is 
significantly different from starred (*) values in the same group. 
 Extraction 
Method: 
Probe     (I) Room T (III) Bath    (IV) Rotation (V) 
 GF Filters 
AVE            
(± STD) AVE            (± STD) AVE            (± STD) AVE            (± STD) 
A DI water *0.70 ± 0.10 1.6 ± 0.1 1.4 ± 0.1 *0.23 ± 0.52 
B 10 mM buffer *0.77 ± 0.05 1.5 ± 0.1 1.3 ± 0.1 1.1 ± 0.0 
C 0.05 M TrisHCl 1.0 ± 0.1 1.1 ± 0.3 *1.2 ± 0.1 1.1 ± 0.0 
D 0.09 M CaCl2 1.0 ± 0.0 *0.77 ± 0.47 *1.2 ± 0.0 1.0 ± 0.0 
E 0.15 M NaCl 1.2 ± 0.1 1.2 ± 0.1 1.4 ± 0.0 1.1 ± 0.1 
F Alkaline buffer *0.55 ± 0.04 1.3 ± 0.2 *1.0 ± 0.0 1.1 ± 0.0 
G 50 mM buffer, 
antimicrobials 
1.2 ± 0.1 1.2 ± 0.2 *1.2 ± 0.0 1.2 ± 0.0 
H 50 mM buffer, 
PMSF 
*0.98 ± 0.06 1.2 ± 0.0 *1.2 ± 0.0 1.3 ± 0.1 
  
Polyc. Filters 
AVE            
(± STD) AVE            (± STD) AVE            (± STD) AVE            (± STD) 
A DI water *0.95 ± 0.09 1.4 ± 0.2 1.3 ± 0.1 *1.5 ± 0.2 
B 10 mM buffer *0.77 ± 0.09 1.1 ± 0.5 1.1 ± 0.1 2.1 ± 0.2 
C 0.05 M TrisHCl 0.98 ± 0.03 *0.33 ± 0.98 1.3 ± 0.1 1.8 ± 0.1 
D 0.09 M CaCl2 1.1 ± 0.1 1.5 ± 0.5 1.3 ± 0.1 1.8 ± 0.3 
E 0.15 M NaCl 1.1 ± 0.1 1.4 ± 0.1 1.3 ± 0.2 2.0 ± 0.2 
F Alkaline buffer *-0.02 ± 0.09 1.1 ± 0.1 *0.56 ± 0.1 *0.8 ± 0.2 
G 50 mM buffer, 
antimicrobials 
1.2 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 *1.6 ± 0.1 
H 50 mM buffer, 
PMSF 
*0.93 ± 0.07 1.3 ± 0.2 1.2 ± 0.0 *1.3 ± 0.2 
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Figure 3.3 Absorbance spectra of polycarbonate filter samples extracted by freeze-thaw with 
rotation (V) and several extraction solutions: DI water (A), 10 mM phosphate buffer, pH 6.8 (B), 
and alkaline buffer (F).  The displayed spectra are an average of replicates (n=4).  The spectra 
were corrected for the method blank absorbance, and the peak at 680 nm was set at 0.01 
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Figure 3.4 Quantity of phycocyanin (µg) extracted from varying concentrations of Microcystis 
aeruginosa UTEX 2061 cells on polycarbonate filters.  Filters were extracted in 10 mM 
phosphate buffer (B) using freeze-thaw cycles with rotation (V).  Extracted phycocyanin was 
quantified fluorometrically.  Pigment values were compared to the mean of triplicate cell counts 
(±standard deviation).  The line is the best-fit of the linear regression analysis.  Unfilled circles 
represent values outside the linear range that were not included in the regression.  
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3.5 Discussion 
Phycocyanin extraction techniques generally focus on two main components: the cell 
disruption method and the extraction solution.  For environmental samples, however, decisions 
made during the collection process are more significant than those made during extraction.  
While many chlorophyll a methods (e.g., EPA 445.0) have been optimized for use with GF 
filters (Arar and Collins, 1997), the use of GF filters leads to a much lower extraction percentage 
of phycocyanin than the use of polycarbonate filters.  These results indicate that the choice of 
filter has the largest impact on the efficacy of phycocyanin extraction.   
The discrepancy between filters may be largely due to a difference in filter construction.  
Polycarbonate filters are ‘surface’ filters; cells only collect on the top of the membrane and are 
easily removed.  GF filters are ‘depth’ filters, where cells are trapped both on and between the 
microfibers of the filter (Mantoura et al., 2005).  More forceful extraction techniques are 
required to fully extract all of the trapped cells.  This necessity is demonstrated by the relatively 
high percentages of phycocyanin extracted from GF-filters with probe sonication (Tables 3.1, 
3.2).  However, vigorous extraction also disintegrated the filter, increases the release of 
particulates into solution, and can potentially disrupt/denature the structure of the 
phycobiliproteins.  In this study, centrifugation was insufficient to clarify GF-filter extracts for 
analysis.  Syringe-filtering was necessary for fluorometric determination, but it may have also 
led to a loss of phycocyanin absorbed to particles. 
The lower extraction efficiency of phycocyanin from GF filtered samples agrees well 
with the results of Lawrenz et al. (2011).  In their study, filtered cells had an extraction efficiency 
4-5 times lower than those harvested directly through centrifugation, regardless of extraction 
method.  Yet their final recommendation of collecting all phycocyanin samples through 
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centrifugation is impractical as a field monitoring protocol.  Field monitoring programs can 
involve the collection of a large number of samples, and filtration in the field coupled with 
temporary storage in deep freezers at -18 to 20ºC is a common practice for pigment analysis to 
preserve sample integrity (Mantoura et al., 2005).  Polycarbonate filters provided a functional 
alternative to GF filters.  They are compatible with typical sampling methods and give a high 
extraction efficiency. 
Cells were more easily removed from the polycarbonate filters, and it was not necessary 
to employ vigorous extraction by sonication that could disrupt protein structure.  A gentler 
extraction technique such as freeze-thaw cycles had similar or even better results (Tables 3.1, 
3.2).  The use of freeze-thaw-cycles has already been advocated for the extraction of both wet 
(Abalde et al., 1998; Lawrenz et al., 2011) and dried (Hemlata et al., 2011) cyanobacterial 
biomass.  These results indicate that samples collected on polycarbonate filters and stored frozen 
can be treated similarly to fresh cells.  However, optimal extraction is also a function of 
temperature.  Phycocyanin is more stable in the cold (Sarada et al., 1999), and freeze-thawing at 
lower temperatures increased phycocyanin yield (Hemlata et al., 2011).  In this study, the effect 
of thawing temperature was dependent on extraction method.  With polycarbonate filters, 
thawing at 4°C with gentle rotation led to an almost 3-fold increase in extracted phycocyanin 
compared to thawing at 25°C.  However, extraction percentages at room temperature were 
comparable to samples extracted at 4°C using bath sonication, which generated heat and 
potentially led to increased protein denaturation. 
Choice of extraction solution, within limits, was less important than choice of filter or the 
corresponding extraction method.  In contrast to the commonly-used organic solvents for 
chlorophyll a extraction used to solubilize a small organic molecule, extraction of phycocyanin 
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requires that the pigment protein complex remain intact (Rowan, 1989).  Protein structure is 
sensitive to changes in pH and ionic strength, and thus aqueous buffered solutions are commonly 
used for extraction (Ahmed, 2004).  Here we investigated eight possible extraction solutions, 
including several buffers and pure Millipore DI water.  All but two of the extraction solutions 
would be suitable for routine use.  Only the calcium chloride solution and the alkaline carbonate 
buffer would not be recommended due to significantly lower phycocyanin yields for all 
extraction methods with either filter type. 
The buffering capability of the extraction solutions and ionic strength was not related to 
the extraction efficiency.  The alkaline carbonate buffer was the least effective extraction 
solution.  Meanwhile, Millipore water was one of the best extraction solutions for obtaining 
higher phycocyanin yields.  These results are in agreement with previous comparisons that chose 
deionized water as one of the better solvents for extracting phycocyanin (Abalde et al., 1998; 
Silveira et al., 2007).  One influential factor was the pH of the extraction solutions.  Phycocyanin 
is most stable between a pH of 5 and 7.5 (Sarada et al., 1999).  The carbonate buffer at pH 10.5 
is too alkaline and likely led to protein loss, while deionized water falls into the correct pH 
range.  Deionized water may also promote lysis of cyanobacterial cells through osmotic shock 
(Sarada et al., 1999).  The low ionic strength of the Millipore water and the 10 mM phosphate 
buffer may thus have assisted in cell lysis, leading to higher pigment yields.  The addition of 
protease inhibitors (PMSF, EDTA) or antioxidants (2-mercaptoethanol. EDTA) did not 
noticeably improve the percentage of extracted phycocyanin (Tables 3.3, 3.4) and therefore are 
not recommended due to their added toxicity. 
If one were to choose a method based solely on total extraction percentages, then probe 
sonication with DI water would be a good choice for both filter types.  However, sample purity is 
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also an important parameter to consider.  In natural samples, blooms of cyanobacteria and 
eukaryotic algae often co-occur.  Thus absorbance/fluorescence from chlorophyll attached to the 
chlorophyll light harvesting proteins may impact the determination of phycocyanin.   This is 
especially true at lower phycocyanin concentrations.   The use of probe sonication resulted in 
substantial co-extraction of chlorophyll (Figures 3.1 and 3.2; Tables 3.3 and 3.4).  The gentler 
freeze-thaw cycles resulted in a “cleaner” phycocyanin solution with less contamination from 
chlorophyll. 
For polycarbonate-filtered samples, the highest yields and purity were obtained by 
extracting samples in 10 mM phosphate buffer using freeze-thaw cycles with rotation.  This was 
the extraction technique of choice.  Combining this extraction with fluorometric quantification 
resulted in a combined method with a low detection limit of 1.21 µg/L and linear extractions for 
filters with greater than 2.5 x 106 cells (Figure 3.4).  This extraction method should be 
appropriate for cyanobacterial monitoring in freshwater sources at or above the guideline level of 
20,000 cells/mL (10 µg/L chlorophyll a) set by the World Health Organization (2003).  In more 
oligotrophic conditions, it may be necessary to filter higher volume of water to reach the 
minimum number of cells needed per filter to reach the linear range of the standard curve.  Such 
filter volumes can reach up to 1 L per filter for environmental cell densities less than 3,000 
cells/mL. 
Finally, the proposed phycocyanin extraction method is advisable for practical reasons 
when considering application to a field program.  Probe sonication requires each sample to be 
extracted individually.  Using the freeze-thaw method with rotation, batches of 40 or more 
samples can be run at one time.  There are also multiple opportunities for modification.  In this 
study, samples were rotated on a circular fraction collector wheel set vertically on its side to 
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provide gentle agitation and speed up the thawing process.  Other instruments that provide gentle 
mixing, such as a horizontal shaker, a hybridization roller, or a micromixer, can be used as 
alternatives.   In addition, we routinely extracted our protein pigment samples in a cold room 
(4ºC) under red-light conditions.   While we did not compare extraction protocols under normal 
and reduced light conditions, low-light extraction protocols are generally recommended for light 
sensitive accessory pigments such as chlorophylls (Jeffrey, 2005) and were adopted here as a 
matter of general protocol. 
Additional modifications to the method could involve extraction time and solution 
additives.  This study focused on extracting samples as efficiently and quickly as possible in 
order to accommodate an extensive monitoring program.  The entire extraction process including 
centrifugation and analysis was completed within 24 h.  In an extraction study by Lawrenz et al. 
(2011), cyanobacterial samples were subjected to one freeze-thaw cycle and then allowed to soak 
in phosphate buffer for several days.  A majority of phycocyanin was recovered after 48 h.  
Because the amount of phycocyanin extracted also increased with multiple freeze-thaw cycles 
(Horvath et al., 2013), it is unclear if a longer extraction time would be necessary with the 
proposed method using multiple freeze-thaw cycles.  The use of longer extraction times may also 
necessitate the use additives such as protease inhibitors or antioxidants to stabilize the protein.  
Recent work by Zimba et al. (2012) found that the addition of the detergent CHAPS enhanced 
reproducibility and percentages of extracted phycocyanin samples from GF filters.  The addition 
was not tested on polycarbonate filters. 
In summary, the method described here has been applied in our laboratory to thousands 
of different samples collected from the Great Lakes over a 5-10 period.  It has been an efficient 
and reproducible protocol for the extraction of phycobiliproteins from natural water samples that 
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contained Microcystis aeruginosa.   While the method was specifically optimized for the 
extraction of phycocyanin from Microcystis, it is readily applicable for use with other different 
bloom-forming cyanobacteria (aka Anabaena/Dolichospermum, in preparation) and for the 
extraction of other phycobiliproteins (phycoerythrin, data not shown) from cyanobacteria. 
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Chapter 4 
Fluorometric Differentiation of Algal Groups And Implications for Calibration2 
 
4.1 Abstract 
Phytoplankton biomass is commonly quantified using in vivo chlorophyll fluorescence in 
situ.  Fluorescence measurements collected in the field are then calibrated with extracted pigment 
concentrations from discrete samples.  However, the ratio of fluorescence to extracted pigment 
concentration can vary based on phytoplankton type and environmental conditions.  In this study, 
the fluorescent response of species from four different algal groups (chlorophyte, cyanobacteria, 
heterokont, and cryptophyte) was evaluated in several commercially available fluorometers.  
These four fluorometers employed single-wavelength excitation for both chlorophyll and 
phycocyanin, as well as multi-wavelength chlorophyll excitation to differentiate among algal 
groups.  On average, the chlorophyll fluorescence of the cyanobacterial species was 15-fold 
lower than that of the chlorophyte species.  Calibration regressions comparing in vivo 
chlorophyll fluorescence to extracted concentrations were non-linear when all algal species were 
included.  Linearity was improved by dividing samples based on a cut-off phycocyanin 
fluorescence value and performing separate regressions.  Multi-wavelength chlorophyll 
excitation eliminated the fluorescent variability between algal groups and resulted in strongly 
linear regressions that included all samples.  Both chlorophyte and cyanobacterial samples were 
consistently identified correctly using multi-wavelength excitation.  Phycocyanin fluorescence 
also displayed little variability and a linear correlation to extracted pigment concentrations. 
 
                                                
2 To be submitted as M. Pavlac, S. Watson, and G. Boyer 
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4.2 Introduction 
The occurrence of harmful cyanobacterial blooms in freshwater systems has been 
increasing worldwide (Hudnell, 2010).  Algal growth is most commonly assessed using proxy 
measurements of chlorophyll a, the main photosynthetic pigment in all algal photosystems 
(Hambrook Berkman and Canova, 2007).  When chlorophyll absorbs light, the majority of that 
energy is used to drive photochemical reactions.  However, a small portion (~3%) is also 
reemitted as fluorescence (Latimer et al., 1956; Maxwell and Johnson, 2000).  Measurement of 
this fluorescence forms the basis of many in situ sensors currently used for monitoring algal 
biomass.  Chlorophyll fluorometers have been successfully employed to determine 
phytoplankton distributions in several systems, including the Baltic (Seppälä et al., 2005; 
Schneider et al., 2006) and North Seas (Swertz et al., 1999) and the Lower Great Lakes 
(Konopko, 2007; Pavlac et al., 2012). 
The use of chlorophyll fluorescence as a proxy to phytoplankton biomass inevitably 
includes some uncertainty.  The fluorescent response of an algal cell can vary with cell size 
(Alpine and Cloern, 1985, Loftus et al., 1972), nutrient stress (Kiefer, 1973a), or photoinhibition 
at midday (Dandonneau and Neveux, 1997; Kiefer, 1973b).  Fluorescence measurements can be 
decreased by environmental factors such as turbidity (Althuis et al., 1994; Swertz et al., 1999) or 
inner-filter effects at high concentrations (Gu, 2007).  These conflicting factors necessitate the 
use of calibration after deployment for any chlorophyll fluorescence data collected in the field.  
These curves compare the in-situ relative fluorescence measurements to extracted pigments 
concentrations of water samples collected concurrently (Millie et al., 2010).  Post sampling 
calibration curves have been employed in both freshwater (Konopko, 2007) and marine 
(Rantajärvi et al., 1998) algal monitoring.  Correlations typically have r2’s between 0.6 and 0.8 
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(Holley and Hydes, 2002; Seppälä et al., 2007).  Much of the remaining variability is due to 
differences in the type and the arrangement of photosynthetic pigments in vivo. 
Phytoplankton can be grouped into five spectral classes according to their characteristic 
photosynthetic pigments.  They include: (1) cyanobacteria (chlorophyll a and phycobilins); (2) 
cryptophytes (chorophylls a and c and phycobilins); (3) chlorophytes, euglenophytes, 
prasinophytes (chorophylls a and b); (4) diatoms, crysophytes, raphidophytes (chorophylls a and 
c and fucoxanthin); and (5) dinoflagellates (chorophylls a and c and peridinin) (Millie et al., 
2002).  The photosynthetic pigments function as the antennae of algal light-harvesting 
complexes.  The absorbed energy is transported to the chlorophyll centers (P680 and P700) of 
both photosystems for use in photosynthetic reactions (Rowan, 1989).  By absorbing light at 
wavelengths outside the absorbance spectrum of chlorophyll, the accessory pigments supplement 
the energy available for photosynthesis and fluorescence (Young, 1991). 
The majority of chlorophyll fluorescence (~95%) is emitted by pigments in Photosystem 
II (Krause, 1991).  Unfortunately, cyanobacterial chlorophyll is primarily located in Photosystem 
I, which emits much less fluorescence (Papageorgiou, 1996).  Accurately measuring 
cyanobacterial biomass using traditional chlorophyll fluorometers is therefore difficult.  As an 
alternative, the accessory phycobilins can be targeted using selective emission and excitation 
wavelengths.  Phycobilin fluorescence can be induced by excitation of either phycoerythrin 
(Downes and Hall, 1998) or phycocyanin (Sode at al., 1991) to selectively monitor for 
cyanobacterial blooms in both marine (Seppälä et al., 2007) and freshwater (Izydorczyk et al., 
2005, Konopko, 2007) systems. 
Multi-wavelength chlorophyll fluorescence can also be used to differentiate 
cyanobacteria.  With this method, several excitation wavelengths are chosen to target 
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characteristic accessory pigments, and the resultant fluorescence can then be attributed to 
specific algal groups (Gaevsky et al., 2005; Gregor and Maršálek, 2005; Parésys et al., 2005).  
Several multi-wavelength chlorophyll fluorometers are now commercially available, including 
the PhytoPAM by Heinz Walz (Effeltrich, Germany) and multiple products from bbe Moldaenke 
(Schwentinental, Germany) including the FluoroProbe and AlgaeOnlineAnalyser.  The 
PhytoPAM has four excitation wavelengths to categorize algal samples into three groups: 
cyanobacteria, green algae, and diatoms (Jakob et al., 2005; Schmitt-Jansen and Altenburger, 
2008).  Five excitation wavelengths allow the FluoroProbe to assign total fluorescent 
measurements to four spectral algal groups: chlorophyte, cyanobacteria, heterokont (with 
haptophyta, dinophyta), and cryptophyte (Beutler, 2002).  The FluoroProbe has been used to 
categorize algal biomass in both freshwater (Leboulanger et al., 2002; Twiss and MacLeod, 
2008) and marine (See et al., 2005) systems.  However, results can underestimate in vivo 
chlorophyll (Twiss and MacLeod, 2008) and may be less reliable at low (van Beusekom et al., 
2009; Ghadouani and Smith, 2005) and high (Gregor and Maršálek, 2004) algal biomass. 
This study focused on the comparison of the effectiveness of several pigment 
fluorometers for the quantification and identification of phytoplankton, with a focus on 
cyanobacteria.  Included in the study were traditional single-wavelength fluorometers (for 
chlorophyll and phycocyanin) and a multi-wavelength chlorophyll fluorometer, the bbe 
FluoroProbe.  These instruments were evaluated with both single and mixed cultures, and the 
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4.3 Methods 
4.3.1 Instrumentation 
The fluorometers used in this study are described Table 4.1.  Almost all of the 
fluorometers were manufactured by Turner Designs (San Jose, CA), with the FluoroProbe 
manufactured by bbe Moldaenke (Schwentinental, Germany).  The fluorometers evaluated for in 
vivo chlorophyll analysis included a Turner Designs Trilogy, a Turner Designs TD700, a Turner 
Designs AlgaeWatch, and two bbe FluoroProbes (FP) belonging to the State University of New 
York – College of Environmental Science and Forestry (ESF) and Environment Canada (EC).  
The fluorometers evaluated for in vivo phycocyanin included the Turner Designs Trilogy, a 
Turner Designs TD-700, a Turner Designs CyanoWatch, and a Turner Designs 10AU.  The 
Turner Designs Trilogy was also equipped for phycoerythrin measurements. 
 
4.3.2 Calibration 
All single-wavelength fluorometers were calibrated with either a pigment standard or a 
culture.  The Turner Designs 10AU was calibrated with a standard solution of lyophilized 
Microcystis aeruginosa rehydrated in 10 mM phosphate buffer (pH 6.8) whose phycocyanin 
concentration was determined spectrophotometrically according to Siegelman and Kycia (1978).  
The Turner Designs AlgaeWatch, CyanoWatch, and TD-700s were calibrated with dilutions of 
an exponential phase culture of either Chlorella vulgaris (chlorophyll) grown in ASM medium 
(McLachlan and Gorham, 1961) or Microcystis aeruginosa (phycocyanin) grown in BG-11 
medium (Atlas, 2005).  The extracted chlorophyll concentration of the Chlorella culture was 
determined according to Welschmeyer (1994) as described below.  Phycocyanin concentration of 
the Microcystis culture was read fluorometrically using the Turner Designs 10AU fluorometer. 
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Table 4.1 Specifications of all fluorometers.  They are divided into two categories: (1) the 
fluorometers that were assessed in this study for in vivo algal applications, and (2) fluorometers 
utilized for in vitro extracted pigment analysis.  All instruments except the FluoroProbe were 
manufactured by Turner Designs (TD).  Peak wavelengths (𝜆p) are provided for LED light 
sources. 






In vivo     
Chlorophyll TD Trilogy 441 660-710 LED (𝜆p = 460 nm) 
 TD700 340-500 680 Daylight white bulb 
 TD AlgaeWatch <500 >665 LED (𝜆p = 460 nm) 
 BBE Moldaenke      
FluoroProbe  
 690-710 LED  (𝜆p = 470, 525, 
570, 590, 610) 
Phycocyanin TD 10AU 577 660 Cool white bulb 
 TD Trilogy 400-600 640 LED (𝜆p = 590 nm) 
 TD700 577 660 Cool white bulb 
 TD CyanoWatch <595 630-750 LED (𝜆p = 612 nm) 
Phycoerythrin TD Trilogy 400-550 610/60 LED (𝜆p = 530 nm) 
In vitro     
Chlorophyll TD700 436 680 Mercury blue bulb 
Phycocyanin TD 10AU 577 660 Cool white bulb 
Phycoerythrin TD700 544 577 Clear quartz bulb 
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The Turner Designs Trilogy fluorometer was calibrated using standard chlorophyll a (Turner 
Designs (San Jose, CA).  The bbe FluoroProbe fluorometer from SUNY-ESF was not 
recalibrated pre-experiment as it was equipped with a series of factory calculation parameters to 
determine algal group-specific chlorophyll distribution.  The bbe FluoroProbe from Environment 
Canada was borrowed from field deployment and was not recalibrated prior to this experiment.  
All FluoroProbe data were yellow-corrected using the filtrate collected from filtering the culture 
samples (see Section 4.3.4).  
 
4.3.3 Cultures 
Seventeen freshwater species were tested (Table 4.2).  Cultures were grouped into the 
four algal groups identified by the bbe FluoroProbe based on differing pigment structures. They 
included: (1) Green (chlorophytes), (2) Blue (cyanobacteria), (3) Cryptophytes (including 
phycoerythrin-rich cyanobacteria), and (4) Heterokonts (dinoflagellates, crysophytes, and 
diatoms).  Cultures were grown in batch cultures in either WC(ED) (CPCC), z8 (Kotai, 1972), or 
DY-V (CCMP) media (see Table 4.2) and harvested 5 weeks after inoculation during the late log 
phase of growth. 
 
4.3.4 Sampling 
Linearity of the bench-top fluorometers (excluding the Turner AlgaeWatch and 
CyanoWatch) was evaluated using 3 cultures, which were chosen to represent the three different 
pigments of interest.  They included Coelastrum sp. (for chlorophyll), Anabaena lemermanii (for 
phycocyanin), and Planktothrix rubescens (for phycoerythrin).  Samples of each culture were  
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Table 4.2 The freshwater cultures analyzed in this study.  Cultures are divided into four spectral 
groups according to the major accessory pigments.  The first seventeen samples were pure 
diluted culture samples.  The last four samples were created by mixing two cultures of 





Genus Species Strain Medium 
1 Chlorophyte Chlorophyta Coelastrum sp. CPCC 16 WC(ed) 
2   Pediastrum sp. CPCC 527 WC(ed) 
3 Cyanobacteria Cyanobacteria Pseudanabaena  limnetica NIVA 111 Z8 
4   Synechocystis sp. CPCC 534 Z8 
5   Aphanizomenon   sp. APHH Z8 
6   Microcystis  viridis NIVA 169-1 Z8 
7   Anabaena lemmermanii AL-07 Z8 
8   Microcystis  aeruginosa PCC7806  Z8 
9   Planktothrix  rubescens NIES 1266 Z8 
10   Pseudanabaena  catenata NIVA 152 Z8 
11 Cryptophyte Cryptophyta Rhodomonas  minuta CPCC 344 WC(ed) 
12   Cryptomonas rostratiformis CPCC 343 WC(ed) 
13 Heterokont Dinophyta Peridinium  inconspicuum LB 2255 WC(ed) 
14   Gymnodinium  fuscum CCMP1677 DY-V 
15  Chrysophyta Synura  uvella CPCC 422 WC(ed) 
16  Bacillariophyta Asterionella   formosa CPCC 605 WC(ed) 
17    Diatoma elongatum LV3 WC(ed) 
18 Cyanobacteria Cyanobacteria Pseudanabaena  limnetica NIVA 111 Z8 
 Chlorophyte Chlorophyta Coelastrum  CPCC 16 WC(ed) 
19 Cyanobacteria Cyanobacteria Pseudanabaena  limnetica NIVA 111 Z8 
 Heterokont Dinophyta Peridinium  inconspicuum LB 2255 WC(ed) 
20 Cyanobacteria Cyanobacteria Pseudanabaena  limnetica NIVA 111 Z8 
 Heterokont Dinophyta Peridinium  inconspicuum LB 2255 WC(ed) 
21 Cyanobacteria Cyanobacteria Pseudanabaena  limnetica NIVA 111 Z8 
 Heterokont Chrysophyceae Synura  uvella CPCC 422 WC(ed) 
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filtered in duplicate onto 47-mm diameter, 1 µm pore-size polycarbonate filters for both 
chlorophyll a and phycocyanin/phycoerythrin extraction.  The cultures were then serially diluted 
1:2 with their respective media (Table 4.2) before being measured fluorometrically.  Due to 
differences in initial biomass, the Coelastrum culture was only diluted three times vs. seven for 
the other two cultures.  The pigment concentration of the undiluted culture was used to calculate 
the concentration of the series of dilutions using the dilution factor.  Linearity regressions were 
constructed comparing the in vivo fluorescence reading for each measured dilution (including a 
media blank) against the calculated pigment concentration.   
The fluorescent response of all the instruments was examined with 17 pure cultures and 4 
culture mixtures (Table 4.2).  The biomass of each pure culture was initially estimated using the 
in vivo chlorophyll measurements from the Turner Designs TD-700.  The cultures were then 
diluted using medium to an estimated chlorophyll concentration of 3 µg/L and 10 µg/L (Samples 
#14, 16, and 17 were only diluted to ~3 µg/L due to low initial cell densities).  Culture mixtures 
were created by combining two culture samples of approximately similar chlorophyll 
concentrations prior to dilution.  The diluted solution(s) for each culture or culture mixture were 
then read in duplicate on all the fluorometers.  After fluorometric evaluation, samples were 
filtered in duplicate as previously described for pigment extraction. 
 
4.3.5 Pigment extraction   
Chlorophyll filters were extracted with 90% acetone.  Samples were bath sonicated 
(50/60 Hz) for 1 h at 4°C, then stored in the dark for 2 h at 4°C.  The extracted in vitro 
chlorophyll a concentration was measured in a Turner Designs TD-700 fluorometer using the 
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method of Welschmeyer (1994).  The instrument was calibrated using a chlorophyll a standard 
(Sigma-Aldrich, St. Louis, MO) according to Jeffrey and Humphrey (1975).  
Phycocyanin filters were extracted in a 10 mM phosphate buffer at pH 6.8 under low or 
red light (~0.1 µmol m-2 s-1).  After three freeze-thaw cycles to induce cell lysis, samples were 
clarified through centrifugation at 10,000xg for 15 min.  The same sample extracts were 
evaluated for both phycocyanin and phycoerythrin concentrations.  Extracted phycocyanin 
concentrations were measured in the Turner Designs 10AU fluorometer (Table 4.1) (Konopko, 
2007), which was calibrated as previously described.  Extracted in vitro phycoerythrin 
concentrations were measured in a Turner Designs TD700 fluorometer.  The instrument was 
calibrated using R-phycoerythrin (AnaSpec, Fremont, CA), whose concentration was determined 
spectroscopically according to Beer and Eshel (1985). 
 
4.3.6 Data analysis 
FluoroProbe readings were converted to chlorophyll concentrations using the provided 
FluoroProbe Software (version 1.9.7, 2005).  The average fluorescence spectrum (or “norm 
spectrum”) for each group was created by measuring the fluorescent output of at least three algal 
species of each group at the five excitation wavelengths (Beutler et al., 2002).  These spectra are 
the source of the fluorometer parameters (Table 4.3) that arrive pre-programmed with the 
instrument.  Statistical data analysis was conducted using SigmaPlot 13.0.  Due to the non-
normality of the data, Kruskal-Wallis ANOVA on Ranks was conducted for comparisons 
between algal groups, using Dunn’s Method for the post-hoc test.  Total chlorophyll 
measurements of the two FluoroProbe fluorometers were compared with a Wilcoxon signed rank 
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test.  Statistically significant differences had a p < 0.050.  Statistical outliers in linear regressions 
were identified by studentized residuals > 2.000, and significant coefficients had a p < 0.050. 
 
4.4 Results 
4.4.1 Linearity of instruments 
The linearity of the different fluorometers is presented in Table 4.4.  The cultures used in 
the linearity test varied in biomass.  The Coelastrum culture had the lowest biomass, with a 
maximum chlorophyll a concentration of 13 µg/L.  The Anabaena culture had the highest 
biomass, with a maximum chlorophyll a concentration of 526 µg/L.  Both cyanobacterial 
cultures had high phycocyanin concentrations (> 1100 µg/L).  Only the Planktothrix culture had 
a significant amount of phycoerythrin (228 µg/L).  
All the chlorophyll fluorometers demonstrated excellent linearity when measuring all 
culture dilutions, with r2 values great than 0.92 for all 12 analyses and above 0.99 for 11 of the 
12 analyses.  There were linear correlations for phycocyanin in the two cyanobacterial cultures 
(Anabaena and Planktothrix) (Table 4.4).  Phycocyanin correlations with the chlorophyte 
Coelastrum were highly variable and reflective of the low concentration of phycocyanin 
(maximum 0.06 µg/L) present in this culture.  The Trilogy and one FluoroProbe fluorometer 
(from ESF) displayed excellent linearity for phycoerythrin using both cyanobacterial cultures, 
with r2 values greater than 0.97.  Significant differences were observed between the two 
FluoroProbe fluorometers.  The ESF FluoroProbe instrument indicated strong agreement 
between phycoerythrin (measured as cryptophyte chlorophyll) and the phycoerythrin 
concentrations in both cyanobacteria cultures (r2 > 0.97).   In contrast, the EC FluoroProbe 
showed little to no correlation between the cryptophyte chlorophyll readings and the extracted  
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Table 4.3 The calibration parameters of fit for each of the four spectral groups as measured by 
the FluoroProbes from the SUNY- College of Environmental Science and Forestry and 
Environment Canada.  These parameters of fit were employed by the software to calculate 













370 470 525 570 590 610 






Chlorophyte 2.92 6.19 1.19 0.28 1.44 1.18 
Cyanobacteria 0.82 0.42 1.06 0.80 4.50 3.71 
Heterokont 3.63 8.04 4.22 0.55 1.65 1.15 
Cryptophyte 1.81 3.96 2.81 1.04 3.15 1.88 
Environment Canada 
Chlorophyte 1.25 2.81 0.68 0.16 0.77 0.70 
Cyanobacteria 0.89 0.46 0.94 0.91 4.65 4.79 
Heterokont 2.29 6.25 3.54 0.56 1.71 1.32 




Table 4.4 Linearity results for the in vivo fluorometers.  In vivo fluorescence measurements (in RFU) for the serial dilutions were 
plotted against the calculated pigment concentrations (µg/L) over the indicated range.  Pigment concentrations were calculated using 
the maximum extracted pigment concentration and the dilution factor.  The number of dilutions is given in parenthes
Culture: Coelastrum sp. Anabaena lemmermanii Planktothrix rubescens 
Chlorophyll                               
Pigment Range 0-13 µg/L (5) 0-526 µg/L (10) 0-53 µg/L (10) 
Instrument slope (g) SE intercept SE r2 
slope 
(RFU*L/µg) SE intercept SE r2 
slope 
(RFU*L/µg) SE intercept SE r2 
Trilogy 0.446 0.010 -0.0315 0.0657 0.999 0.0245 0.0003 0.0195 0.0625 0.999 0.258 0.001 -0.0616 0.0144 1.00 
TD700 0.220 0.005 0.0275 0.0331 0.998 0.0264 0.0001 0.0497 0.0276 1.00 0.211 0.005 -0.0467 0.1010 0.995 
ESF FP* 0.924 0.019 0.170 0.129 0.999 0.421 0.002 -0.377 0.429 1.00 4.24 0.05 -0.752 1.004 0.999 
EC FP* 1.34 0.21 1.63 1.42 0.931 0.440 0.006 -0.794 1.081 0.999 4.19 0.06 -0.721 1.172 0.999 
Phycocyanin                               
Pigment Range 0-0.06 µg/L (5) 0-1101 µg/L (10) 0-1170 µg/L (10) 
Instrument 
slope 
(RFU*L/µg) SE intercept SE r2 
slope 
(RFU*L/µg) SE intercept SE r2 
slope 
(RFU*L/µg) SE intercept SE r2 
10AU PC 8.77 3.46 -0.281 0.107 0.682 0.535 0.029 -15.3 11.7 0.977 0.604 0.005 -3.96 2.19 0.999 
Trilogy N/A 
    
0.590 0.045 401 18 0.955 0.452 0.025 333 11 0.976 
TD700 16.0 4.1 0.280 0.128 0.832 0.401 0.004 -2.44 1.62 0.999 0.542 0.004 -2.81 1.75 1.00 
ESF FP** 0.343 1.919 0.0921 0.0593 0.0106 0.199 0.001 -0.322 0.394 1.00 0.111 0.002 -0.660 0.876 0.997 
EC FP** -1.61 3.75 0.0626 0.0644 0.0843 0.210 0.004 -2.67 1.66 0.997 0.143 0.002 -1.53 1.02 0.998 
Phycoerythrin                               
Pigment Range 0-0.15 µg/L (5) 0-0.89 µg/L (10) 0-228 µg/L (10) 
Instrument 
slope 
(RFU*L/µg) SE intercept SE r2 
slope 
(RFU*L/µg) SE intercept SE r2 
slope 
(RFU*L/µg) SE intercept SE r2 
Trilogy N/A 
    
103 4 40.7 1.2 0.989 1.63 0.05 30.8 4.5 0.991 
ESF FP*** 4.34 3.41 0.423 0.264 0.350 2.60 0.16 -0.0552 0.0527 0.970 0.413 0.003 -0.0920 0.2360 1.00 
EC FP*** 0.177 0.129 0.0276 0.0101 0.485 -2.68 2.97 1.91 0.96 0.0929 -0.0066 0.0056 1.08 0.50 0.158 
*Total Chlorophyll 
**Blue-Green Chlorophyll   
***Cryptophyte Chlorophyll 
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phycoerythrin concentrations (r2 < 0.20).   Cryptophyte chlorophyll concentrations from both 
FluoroProbes showed moderate to excellent correlation with extracted phycoerythrin in 
Coelastrum despite the low pigment concentrations (<0.15 µg/L phycoerythrin). 
 
4.4.2 Analyzing chlorophyll with single-wavelength excitation 
Culture samples were grouped into five designations: the four spectral groups 
(chlorophytes, cyanobacteria, heterokonts, and cryptophytes) and the culture mixtures.  The 
normalized fluorescent response for each sample was calculated by dividing the in vivo 
fluorescence measurement (in relative fluorescence units, RFUs) by the actual extracted pigment 
values in µg/L.  The resulting ratios indicated how much measureable fluorescence was released 
by the intracellular pigments of each algal type.  The fluorescent responses for each single-
wavelength chlorophyll fluorometer are presented in Table 4.5.  The highest fluorescent response 
was generally observed with the chlorophyte cultures (2nd highest for the TD-700).  The 
cyanobacterial cultures produced the lowest fluorescent response, which was statistically 
different from the other groups. 
The relationship between the chlorophyll fluorescent response and the amount of 
cyanobacteria in the sample was evaluated graphically using phycocyanin fluorescence as a 
proxy for cyanobacterial biomass (Figure 4.1).  For each chlorophyll fluorometer, the 
chlorophyll fluorescent response was plotted against the corresponding phycocyanin 
fluorescence (Figure 4.1).  Samples with low phycocyanin fluorescence (non-cyanobacteria) had 
the higher chlorophyll fluorescent response.  As phycocyanin fluorescence increased, the 
chlorophyll response decreased and then remained fairly constant.  The vertical bars in Figure 
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4.1 indicate the phycocyanin concentrations above which the chlorophyll fluorescent response 
leveled off.   
Two types of calibration curves were created individually for each chlorophyll 
fluorometer.  First, the relative chlorophyll fluorescence (RFU) for all cultures was plotted 
against their individual extracted chlorophyll concentrations (Figures 4.2A, 4.3A, 4.4A).  The 
mixture of Pseudanabaena limnetica and Coelastrum (~347 µg/L extr. chl.) was an outlier in all 
three graphs.  Even with the outlier removed, the regressions were not linear.  Two of the 
fluorometers had r2 < 0.05, and the regressions were not statistically significant (p > 0.050 for 
the slopes).  The TD700 displayed the best (but still low) correlation with an r2 ~ 0.25, and both 
coefficients (slope and intercept) in the regression equation had significant p-values (p < 0.050).  
Scatter was particularly noticeable in the lower chlorophyll concentrations where there were a 
higher number of non-cyanobacterial samples. 
The second calibration effort involved splitting the samples into two groups: 
cyanobacteria and non-cyanobacteria.  Samples with phycocyanin fluorescence measurements 
below the previously determined cut-off values (Figure 4.1) were analyzed separately from 
samples with higher measured phycocyanin fluorescence.  The resulting calibration curves 
featured two regression equations (Figures 4.2B, 4.3B, 4.4B).  The non-cyanobacterial 
regressions contained one common outlier, a Pediastrum sample (~14 µg/L extracted 
chlorophyll).  Correlations exhibited r2 values between 0.6 and 0.8 and were statistically 
significant (p < 0.050 for the slopes).  The cyanobacterial regressions were uniformly lower with 
r2 values between 0.2 and 0.6.   The slopes of the cyanobacterial regressions were significantly 
lower than the slopes for the non-cyanobacteria cultures.  However all coefficients were still 
significant. 
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Table 4.5 The normalized fluorescent response of each algal spectral group as measured by 
single-wavelength chlorophyll fluorometers.  The fluorescent response was calculated by 
dividing the relative in vivo fluorescence reading (RFU) by the extracted chlorophyll 
concentration (µg/L).  Medians and median absolute deviations (MAD) are presented.  For each 
instrument, the starred values are statistically lower than the bolded values. 
Instrument:  Trilogy TD700 AlgaeWatch 









Spectral Group n Median MAD Median MAD Median MAD 
Chlorophyte 7 0.756 0.332 0.249 0.033 3.39 1.56 
Cyanobacteria 34 *0.046 0.007 *0.046 0.007 *0.240 0.068 
Cryptophyte 10 0.447 0.175 0.141 0.021 1.88 0.22 
Heterokont 7 0.663 0.102 0.264 0.059 1.75 0.09 
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Figure 4.1 Chlorophyll fluorescent responses for the Trilogy (A), TD700 (B), and AlgaeWatch 
(C) fluorometers.  The fluorescent response of all samples is plotted against the matching 
phycocyanin fluorescence.  The vertical lines indicate the phycocyanin fluorometer reading that 
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Figure 4.2 Chlorophyll calibration curves for the Trilogy chlorophyll measurements.  Relative 
fluorescence measurements (RFU) were plotted against extracted chlorophyll concentrations 
(µg/L) for all samples (A).  Samples were then divided (B) according to their chlorophyll 
fluorescent response as indicated by phycocyanin fluorescence.  Unfilled markers represent 
outliers (studentized residuals > 2.000) that are not included in the regression.  The line is the 
best-fit of the linear regression analysis.  Bolded coefficients are significant. 
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Figure 4.3 Chlorophyll calibration curves for the TD700 chlorophyll measurements.  Relative 
fluorescence measurements (RFU) were plotted against extracted chlorophyll concentrations 
(µg/L) for all samples (A).  Samples were then divided (B) according to their chlorophyll 
fluorescent response as indicated by phycocyanin fluorescence.  Unfilled markers represent 
outliers (studentized residuals > 2.000) that are not included in the regression.  The line is the 
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Figure 4.4 Chlorophyll calibration curves for the AlgaeWatch chlorophyll measurements.  
Relative fluorescence measurements (RFU) were plotted against extracted chlorophyll 
concentrations (µg/L) for all samples (A).  Samples were then divided (B) according to their 
chlorophyll fluorescent response as indicated by phycocyanin fluorescence.  Unfilled markers 
represent outliers (studentized residuals > 2.000) that are not included in the regression.  The line 
is the best-fit of the linear regression analysis.  Bolded coefficients are significant.  
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4.4.3 Analyzing phycocyanin with single-wavelength excitation 
Phycocyanin-rich samples were separated into three categories.  Most of the 
cyanobacterial samples were classified as “blue,” with phycocyanin as their only accessory 
phycobilin.  The “red” cyanobacteria included P. rubescens and P. catenata, which contained 
both phycocyanin and phycoerythrin.  The mixes are a combination of the blue P. limnetica with 
either Coelastrum sp., P. inconspicuum, or S. uvella.  The relative phycocyanin fluorescence 
measurements were divided by the extracted phycocyanin concentrations.  The resulting 
fluorescent responses are given in Table 4.6.  Blue and red cyanobacteria showed similar 
fluorescent response values for both the 10AU and the TD700 fluorometers.  For the Trilogy and 
CyanoWatch fluorometers, the blue cyanobacteria had a higher phycocyanin fluorescent 
response than the red cyanobacterial cultures, but the difference was not statistically significant.   
The phycocyanin fluorescent response for the culture mixtures was generally lower, but it 
was also not significantly different than the response in the red and blue cyanobacteria cultures.  
Phycocyanin calibration curves for the phycobilin fluorometers are shown in Figures 4.5-4.8.  
For all but the Trilogy, the single-wavelength phycocyanin fluorometers had linear correlations 
with r2’s near 0.9.  Individual calibration curves for phycocyanin and phycoerythrin prepared 
using the Trilogy fluorometer showed significant but lower linear correlations than with the other 
fluorometers (Figure 4.6).  There was some non-linearity at low phycocyanin concentrations due 
to the anticipated low fluorescence of non-cyanobacterial samples.  There were also several 
outlying samples.  In particular, the Synechocystis sp. (~60 µg/L extr. phycocyanin) samples had 
a very high fluorescent response with three of the fluorometers, excluding the Trilogy 
fluorometer. 
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Table 4.6 The normalized fluorescent response as measured by single-wavelength phycocyanin 
fluorometers for cyanobacterial samples and mixes.  Cyanobacteria were subdivided according to 
accessory pigment.  The phycoerythrin-rich species (red) included P. rubescens and P. catenata.  
All other cyanobacteria were phycocyanin-rich (blue).  The mixes involve the combination of P. 
limnetica with Coelastrum sp., P. inconspicuum, or S. uvella.  The fluorescent response of each 
sample was calculated by dividing the relative fluorescence reading (in RFU) by the extracted 
phycocyanin concentration (µg/L).  Medians and median absolute deviations (MAD) are 
presented.  There were no statistical differences between any groups. 
Instrument:  10AU Trilogy TD700 CyanoWatch 












Group n Median MAD Median MAD Median MAD Median MAD 
Blue 
Cyanobacteria 
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Figure 4.5 Phycocyanin calibration curve for the 10AU phycocyanin measurements.  Relative 
fluorescence measurements (RFU) were plotted against extracted phycocyanin concentrations 
(µg/L) for all samples.  Unfilled markers represent outliers (studentized residuals > 2.000) that 
are not included in the regression.  The line is the best-fit of the linear regression analysis.  
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Figure 4.6 Phycocyanin (and phycoerythrin) calibration curves for the Trilogy phycobilin 
measurements.  Relative fluorescence measurements (RFU) were plotted against either extracted 
phycocyanin or phycoerythrin concentrations (µg/L) for all samples.  Unfilled markers represent 
outliers (studentized residuals > 2.000) that are not included in the regressions.  The line is the 
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Figure 4.7 Phycocyanin calibration curve for the TD700.  Relative fluorescence measurements 
(RFU) were plotted against extracted phycocyanin concentrations (µg/L) for all samples.  
Unfilled markers represent outliers (studentized residuals > 2.000) that are not included in the 
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Figure 4.8 Phycocyanin calibration curve for the CyanoWatch.  Relative fluorescence 
measurements (RFU) were plotted against extracted phycocyanin concentrations (µg/L) for all 
samples.  Unfilled markers represent outliers (studentized residuals > 2.000) that are not included 
in the regression.  The line is the best-fit of the linear regression analysis.  Bolded coefficients 
are significant.  
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4.4.4 Analyzing pigments with the multi-wavelength excitation  
 4.4.4.a Identification of chlorophyll according to spectral group 
All single-culture samples and culture mixtures were analyzed in the two bbe 
FluoroProbe fluorometers to compare and evaluate the ability of these instruments to 
differentiate between algal groups.  The two FluoroProbes showed excellent agreement (slope = 
0.96, r2 >0.97) when comparing the total chlorophyll concentrations (Figure 4.9).  The EC 
FluoroProbe tended to give slightly higher values, and evaluation by the Wilcoxon signed rank 
test indicated a slight statistical difference. 
Despite the relative agreement in magnitude, the two FluoroProbes assigned the 
chlorophyll to different algal groups (Figure 4.10).  Of the four algal groups, only the 
chlorophyte (#1,2: 82.0 ± 8.3 % (ESF), 97.8 ± 2.9 % (EC)) and cyanobacterial (#3-10: 86.8 ± 
21.2 % (ESF), 87.5 ± 11.4% (EC)) cultures were consistently assigned to their correct group (e.g. 
80% of the total chlorophyll).  The inclusion of the phycoerythrin-containing cyanobacterial 
samples led to large standard deviations for the average cyanobacterial chlorophyll percentages.  
In the Planktothrix rubescens culture, 57% (ESF) and 75% (EC) of the total chlorophyll was 
assigned to cyanobacteria, with the remainder assigned to either the cryptophyte (ESF) or 
heterokont (EC) chlorophyll.  Pseudanabaena catenata was identified as 48% (ESF) and 69% 
(EC) cyanobacterial, with the remainder assigned to the same accompanying channels 
(cryptophyte for ESF and heterokont for EC). 
The ability to correctly identify cryptophyte (#11-12) and heterokont samples (#13-17) 
was very specific to the instrument.  With the ESF FluoroProbe, 83.4 ± 6.7% of the total 
chlorophyll was identified as heterokont.  The EC FluoroProbe had a slightly lower percentage 
of the total chlorophyll assigned to the correct heterokont channel (68.5 ± 8.4%).  For the two 
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cryptophyte samples (#11,12), there was a large crossover with heterokont identification.  The 
ESF FluoroProbe assigned 56.2 ± 48.0% of the total chlorophyll to cryptophyte.  The 
FluoroProbe correctly assigned 90.2% of the total chlorophyll to cryptophytes in Cryptomonas 
rostratiformis but assigned only 22.2% of the total chlorophyll to cryptophytes in cultures of 
Rhodomonas minuta.  The remaining chlorophyll in the Rhodomonas culture was identified as 
belonging to the heterokont channel.  On the EC FluoroProbe, both cryptophyte samples did not 
register as containing any cryptophyte chlorophyll (0%), with a majority of the chlorophyll 
assigned to the heterokont channel. 
In the mixture containing Pseudanabaena and Coelastrum, both FluoroProbes correctly 
detected the presence of the chlorophyte Coelastrum.  However, the cyanobacterial P. limnetica 
component was only identified by the ESF FluoroProbe.  The EC FluoroProbe indicated that 
cryptophytes were predominantly present in the mixture.  For the remaining three mixed 
samples, both FluoroProbes detected the cyanobacterial chlorophyll from P. limnetica.  Small 
percentages of chlorophyll were inaccurately assigned to the chlorophyte and cryptophyte 
channels.  The heterokont component of the mixtures was only identified by the EC FluoroProbe.   
 
4.4.4.b Quantification of chlorophyll and calibration 
Accuracy of the FluoroProbe measurements by group was evaluated by dividing the total 
chlorophyll concentration (µg/L) by the extracted chlorophyll concentration (µg/L) (Table 4.7).  
For the ESF FluoroProbe fluorometer, the best agreement between the extracted and in vivo 
chlorophyll measurements were generally obtained with chlorophyte and cyanobacterial cultures, 
although the red cyanobacteria were overestimated.  The cyanobacterial mixtures also yielded  
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Figure 4.9 Comparison of FluoroProbe total chlorophyll concentrations for all samples.  The 
unfilled marker represents an outlier (studentized residual > 2.000) that is not included in the 
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Figure 4.10 Group-specific chlorophyll as identified by the FluoroProbes from ESF (A) and EC 
(B) and expressed as a percentage of the total chlorophyll concentration.  Results are an average 
of duplicate or quadruplicate measurements.  The chlorophytes include (1) Coelastrum sp. and 
(2) Pediastrum sp.  The cyanobacteria include: (3) P. limnetica; (4) Synechocystis sp; (5) 
Aphanizomenon sp; (6) M. viridis; (7) A. lemmermanii; (8) M. aeruginosa; (9) P. rubescens; and 
(10) P. catenata.  The crypophytes include (11) R. minuta and (12) C. rostratiformis.  The 
heterokonts include (13) P. inconspicuum; (14) G. fuscum; (15) S. uvella; (16) A. formosa; and 
(17) D. elongatum.  The mixes involve the combination of P. limnetica with Coelastrum sp. (18), 
P. inconspicuum (19 and 20), or S. uvella (21) 
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fairly good agreement (ratio >0.8) between the two chlorophyll measurements.  The total 
chlorophyll in the cryptophyte and heterokont cultures was underestimated by more than 50%.  
With the EC FluoroProbe, the blue cyanobacterial chlorophyll showed excellent agreement with 
the extracted chlorophyll vales, with the mixtures and heterokonts also having results near unity.  
The chlorophyte samples and red cyanobacteria were overestimated, while the cryptophytes were 
again underestimated by >50%. 
 Calibration regressions were constructed to compare the total chlorophyll measurements 
to extracted pigment concentrations (Figure 4.11).  Both FluoroProbes displayed a strong linear 
correlation with an r2 > 0.80.  However, both trendlines indicated an underestimation of 
chlorophyll with slopes below 1.  Outlying values were observed with the P. 
limnetica/Coelastrum mixture (~347 µg/L extr. chl.) and a Planktothrix rubescens sample (~52 
µg/L extr. chl.).  Proportionately lower responses were observed with the most concentrated 
sample of Anabaena lemmermanii (~531 µg/L extr. chl.). 
   Calibration curves were also constructed to evaluate the ability of the FluoroProbe 
fluorometers to specifically quantify cyanobacteria.  The amount of total chlorophyll assigned by 
the FluoroProbes to cyanobacteria was plotted against extracted phycocyanin concentrations 
(µg/L) (Figure 4.12).  Both plots showed a strong correlation, with r2 values greater than 0.80 
and significant coefficients.  The same Synechocystis sp. (~60 µg/L extr. phycocyanin) culture 
was determined to be an outlier in these calibration curves   Slopes less than one indicated that 
the measured chlorophyll in these cultures was lower than the intracellular phycocyanin 
concentrations.  
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Table 4.7 Evaluation of the total chlorophyll measurements for each algal spectral group as 
calculated by the multi-wavelength bbe FluoroProbes (ESF and EC).  The FluoroProbe-
calculated total chlorophyll (µg/L) for each sample was divided by the extracted chlorophyll 
concentration (µg/L).  The median ratios and median absolute deviations (MAD) are presented 
for each of the four algal spectral groups and the mixtures.  For each instrument, the starred 
values are statistically lower than the bolded values.  The values in parentheses are the 
cyanobacterial data divided according to the pigment-composition.  The phycoerythrin-rich 
species (red) included P. rubescens and P. catenata.  All other cyanobacteria were phycocyanin-
rich (blue).  These subdivisions are not included in the statistics. 
Instrument:  ESF   EC  
Spectral Group n Median MAD Median MAD 
Chlorophyte 7 0.938 0.390 2.05 0.741 
Cyanobacteria 34 0.863 0.209 *0.910 0.221 
(Blue) (26) (0.863) (0.209) (0.910) (0.207) 
(Red) (8) (2.01) (1.30) (2.07) (1.36) 
Cryptophyte 10 *0.316 0.125 *0.416 0.166 
Heterokont 7 *0.497 0.217 *1.00 0.34 













Figure 4.11 Calibration curves for FluoroProbe total chlorophyll.  Total chlorophyll 
concentrations as calculated by the ESF (A) and EC (B) FluoroProbes were plotted against the 
extracted chlorophyll concentrations of all samples, including mixtures.  Unfilled markers 
represent outliers (studentized residuals > 2.000) that are not included in the regression.  The line 
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Figure 4.12 Calibration curves for FluoroProbe cyanobacterial chlorophyll.  Cyanobacterial 
chlorophyll concentrations as calculated by the ESF (A) and EC (B) FluoroProbes were plotted 
against the extracted phycocyanin concentrations of all samples, including mixtures.  Unfilled 
markers represent outliers (studentized residuals > 2.000) that are not included in the regression.  
The line is the best-fit of the linear regression analysis.  Bolded coefficients are significant. 
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4.5 Discussion 
There are many advantages to using pigment fluorescence for monitoring harmful algal 
blooms (HABs).  By employing targeted excitation, fluorometers can discriminate phytoplankton 
from other seston with high sensitivity.  Fluorescence measurements are also fairly inexpensive, 
quick, and reliable.  Flow-through fluorometers have been extensively involved in HAB 
monitoring programs in the Baltic (Rantajärvi et a., 1998) and Lower Great Lakes (Konopko, 
2007; Pavlac et al, 2012).  Submersible fluorometers are currently deployed off buoys in Lake 
Erie (GLERL) during the summer to provide real-time data on phytoplankton growth.  However, 
the relative pigment fluorescence must be ground-truthed against extracted pigment samples 
through the use of calibration curves constructed during or after in situ sampling.   This study 
focused on evaluating how such calibration curves can be impacted by the changing algal 
composition, with a focus on cyanobacteria.  Three options for monitoring were evaluated: 
single-wavelength chlorophyll fluorescence, phycocyanin fluorescence, and multi-wavelength 
chlorophyll fluorescence. 
One of the complications of calibration curves from traditional chlorophyll fluorometers 
has been an observed flattening of the fluorescent response and increased scatter at higher 
chlorophyll concentrations (Gregor and Maršálek, 2004; Ahn et al., 2007; Konopko, 2007).  The 
simplest explanation for this leveling would be an inner filter effect as dense concentrations of 
phytoplankton lead to decreased excitation (Ting and Owens, 1992) and self-absorbed emission 
(Harnischfeger, 1977).  The result would be a corresponding decrease in the fluorescent response 
(Ostrowska et al., 2000).  In this study, however, there was no observable self-quenching, even at 
concentrations as high as 526 µg/L chlorophyll (Table 4.4).  Both the chlorophyll and phycobilin 
fluorometers displayed a linear response for all three cultures sampled.  The only exceptions 
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were the phycobilin measurements of Coelastrum, which, as a chlorophyte, was not expected to 
contain phycobilin accessory pigments (Millie et al., 2002).  These results were in good 
agreement with other studies that have shown pigment fluorometers to be very linear in single-
culture studies (Heaney, 1978; Lee, 1995, Pavlac, this work, Chapter 4).  It is unlikely that the 
non-linearity observed in calibration curves was due to instrumental limitations. 
A more likely explanation for the variability is the presence of multiple phytoplankton 
species.  Limnetic waters are not monoculture environments.  While certain species may 
predominate, mixtures are always present (Wetzel, 2001).  The presence of differing 
phytoplankton species can have calibration consequences due to significant differences in the 
chlorophyll fluorescent response among different algal types (Table 4.5).  Calibration curves are 
essentially graphical representations of the fluorescent response, comparing in vivo fluorescence 
measurements to extracted pigment concentrations.  Significant differences in spectral 
fluorescence between samples can complicate a reliable linear regression.  Seppäla and Balode 
(1998) found that such changes in fluorescent response were more statistically correlated to 
community changes than to irradiance, nutrient availability, or size.   
The chlorophyll fluorescent response did significantly differ among the four algal groups 
studied.  With the three chlorophyll fluorometers, the chlorophytes and heterokonts generally 
showed the highest fluorescent response.  These findings are in agreement with previous studies 
that showed either chlorophytes (Vincent, 1983) or diatoms (Heaney, 1978) released the highest 
relative amounts of chlorophyll fluorescence.  The varying response was directly linked to 
intracellular pigment composition.  Chlorophyll fluorometers traditionally excite samples with 
blue light (Holm-Hansen et al., 1965; Lorenzen, 1966), corresponding to the strong in vivo 
absorbance of chlorophyll a at 440 nm (Bidigare et al. 1990).  Excitation in this region can also 
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be absorbed by accessory pigments that then funnel the energy to chlorophyll a.  Both 
chlorophylls b (in chlorophytes) and c (in heterokonts) have nearby in vivo absorbance peaks at 
470 and 460 nm, respectively.  Photosynthetic carotenoids also absorb between 400 and 550 nm 
(Bidigare et al. 1990).  Energy absorbed by these accessory pigments is funneled to chlorophyll a 
and can thus cause a corresponding increase in the fluorescent response. 
For all single-wavelength chlorophyll fluorometers in this study, the cyanobacterial 
samples had a chlorophyll fluorescent response that was significantly below than the other 
spectral groups (Table 4.5).  The median cyanobacterial response was approximately 15 fold 
lower than that of the highest spectral group (either chlorophyte or heterokont).  These variations 
are similar to the 12-fold differences observed by Heaney (1978), but they were not as drastic as 
the 50-fold variations observed by Vincent (1983).  This low response is the result of the 
cyanobacterial pigment composition.  Cyanobacterial chlorophyll a is primarily located in PSI 
(Myers et al., 1980), which is only weakly fluorescing in comparison to PSII (Papageorgiou, 
1996; Trissl et al., 1993).  Cyanobacteria also contain few carotenoid pigments that could 
supplement light absorption at the excitation wavelengths of most chlorophyll fluorometers.  The 
two major carotenoids in cyanobacteria are beta-carotene and zeaxanthin (Jeffrey and Vesk, 
2005), both of which are predominantly photoprotective.  Their singlet-state energies are too low 
to effectively transfer energy to chlorophyll (Frank et al., 1997), and they consequently do not 
contribute to the fluorescence emission (Lutz et al., 2001).  Instead, photoprotective carotenoids 
quench chlorophyll a through singlet-singlet transfer from chlorophyll to the carotenoids and the 
subsequent release of the accepted energy as heat (Szabó et al., 2005).  Zeaxanthin may therefore 
even decrease chlorophyll fluorescence (Young, 1991).   
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It is not unexpected that the calibration curves constructed using the mixture of cultures 
were distinctly non-linear (Figures 4.2A, 4.3A, 4.4A) with low r2’s.  Such calibration curves 
would be unusable for converting in situ data into corresponding extracted pigment values.  One 
solution was to separate samples into two groups (cyanobacteria and non-cyanobacteria) and 
then perform two regression analyses.  However, the determination of the dominant species in 
environmental samples can be problematic.  Microscopic identification to separate field samples 
into these corresponding groups is time-consuming and requires training (Jeffrey and Vesk, 
2005).  It is also difficult to apply to continuous monitoring efforts.  An alternative proposed here 
is to incorporate phycocyanin fluorescence as the discriminating factor. 
Phycocyanin fluorescence is already employed to differentiate between algal types.  In a 
study by Gregor et al. (2007), algal samples were excited in a microplate fluorescence reader at 
two wavelengths: 485 (±10) nm (targeting chlorophyll a) and 580 (±10) nm (targeting 
phycocyanin).  The resulting fluorescence was measured at 680 nm.  The percentage of 
cyanobacteria in a sample could be determined based on the ratio of fluorescence at 580 nm/485 
nm.  The authors recommended two calibration curves depending on which wavelength 
produced a higher fluorescence. 
In this study, a similar approach was employed, although samples were divided according 
to the magnitude of phycocyanin fluorescence.  A ratio was not possible since many of the 
phycocyanin fluorescence measurements of the non-cyanobacterial samples were at or near zero. 
Instead, samples were separated according to phycocyanin fluorescence values that corresponded 
to a leveling out of the fluorescent chlorophyll response (Figure 4.1).  These phycocyanin 
measurements corresponded almost exactly with the y-intercepts of the phycocyanin calibration 
curves (Figures 4.6-4.8) discussed below.   The phycocyanin intercepts are therefore a good 
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estimate for which samples display the lower chlorophyll fluorescence associated with 
cyanobacteria. 
Potential use of two linear regressions should increase the accuracy of the calibrations 
curves for all the chlorophyll fluorometers.  The improved linearity (as evidenced by the higher 
r2’s) and the significant slopes provide increased confidence that the regression equations are 
predicting actual chlorophyll concentrations.  However, these regressions do not account for 
variability within an algal group.  Cyanobacteria as a whole demonstrate a low chlorophyll 
fluorescent response, but the individual species response can vary with either cell size (Loftus, 
1972; Alpine and Cloern, 1985; MacIntyre et al., 2010) or shape (Sathyendranath et al., 1987).  
The use of multiple species in this study decreased the r2 of the regression equations but was 
probably more reflective of the mixtures to be encountered in natural samples. 
For monitoring efforts focusing exclusively on cyanobacteria, employing phycocyanin 
fluorescence may be more accurate than chlorophyll fluorescence.  The major complication is 
that the extraction protocol for phycocyanin is much more labor intensive than the corresponding 
extraction protocol (EPA 445) for chlorophyll (this work, Chapter 3).   The phycocyanin 
calibration curves (Figures 4.5-4.8) eliminated much of the variability inherent to chlorophyll 
fluorescence and did not need to be subdivided into cyanobacterial and non-cyanobacterial 
samples.  There was no statistical difference in the phycocyanin fluorescent response with 
different accessory pigments.  Cyanobacteria rich in both phycocyanin and phycoerythrin 
behaved similarly to culture mixtures containing only predominately phycocyanin.  The 
calibration curves therefore exhibited strong correlations with a high predictive potential.  One 
common outlier was our Synechocystis sample that demonstrated an unusually high phycocyanin 
fluorescence value.  This may be due to the species’ small size.  Small cells are more efficient at 
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capturing light due to a lower packaging effect (MacIntyre et al, 2010) and have a corresponding 
increase in fluorescent response (Alpine and Coern, 1985). 
There was also non-linearity in the phycocyanin calibration curves at the lowest pigment 
concentrations.  All the culture samples were included in the calibration curves, and even the 
non-cyanobacterial cultures did give measurable phycocyanin fluorescence.  Since the non-
cyanobacterial cultures did not correspond to actual extracted phycocyanin concentrations, there 
was a resulting curve in the data near the y-intercept of the regression line.  The fluorometers 
were blanked with media, and cultures with little to no phycobilin content should ideally have 
had minimal phycocyanin fluorescence.  One concern is that at these low levels, limitations in 
the filters used to control excitation and emission may allow detection of chlorophyll 
fluorescence.  Phycocyanin fluorometers have excitation wavelengths that target the excitation 
spectra of cyanobacteria, which peak at wavelengths greater than 550 nm in the region associated 
with phycobilin absorbance (Hofstraat et al., 1991; Lutz et al, 2001).  Chlorophylls a, b, and c do 
have small absorbance peaks near 580 nm in vitro (Jeffrey, Mantoura, and Bjørnland, 2005).  In 
vivo, these peaks would be red-shifted by 6-12 nm to account for packaging effects (Bidigare et 
al., 1990), bringing them even closer to the excitation wavelength in the phycocyanin 
fluorometers (Table 4.1).  An increase in the fluorescence excitation spectra for both 
chlorophytes and diatoms starting at 600 nm has been observed (Vincent, 1983).  Therefore 
phycocyanin fluorescence measurements must be calibrated post deployment, and any reading > 
0 should not be interpreted to indicate the presence of phycobilins without such calibration. 
Multi-wavelength excitation is an additional option for cyanobacterial monitoring using 
fluorescent techniques.  These instruments combine the best of traditional chlorophyll and 
phycocyanin fluorometry.  Total chlorophyll measurements can be collected to determine trends 
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in biomass of all phytoplankton present in a system.  However, group-specific information is also 
available due to multiple excitation wavelengths that target characteristic accessory pigments.  
The bbe FluoroProbe uses six individual light-emitting diodes (LEDs) at 370, 470, 525, 570, 
590, and 610 nm.  Fluorescence induced at 470 nm corresponds to the excitation of the 
chlorophylls a, b, and c.  The excitation at 525 nm targets the specific xanthophylls in diatoms 
(fucoxanthin) and dinoflagellates (peridinin).  Meanwhile, cryptophytes and cyanobacteria are 
identified by fluorescence caused by either phycoerythrin (570 nm) or phycocyanin (590 and 610 
nm).  The final LED at 370 nm allows for yellow substance correction of the resultant 
chlorophyll measurements due to chromophoric dissolved organic matter (CDOM) in the 
samples (bbe Moldaenke, 2007). 
Multiple excitation wavelengths eliminate the group-specific spectral variation in 
chlorophyll fluorescence.  While the effect of cyanobacteria was minimized, there were 
statistical differences in the fluorescent response of the spectral groups.  The chlorophyll 
assigned to cryptophytes and heterokonts were significantly less accurate than the chlorophyll 
assigned to chlorophytes (Table 4.7).  The ratio between chlorophyll as measured by the 
FluoroProbe and actual extracted chlorophyll concentrations was less than 0.5, indicating an 
underestimation of more than 50%.  There were proportionately few cryptophyte and heterokont 
samples in the entire data set, and their inclusion had little impact on the calibration curves. 
These regressions had the highest linearity (Figure 4.11) out of all the chlorophyll fluorometers 
evaluated.  The linearity was in good agreement with the linear range of 0.0 to 200 µg/L 
advertised by the instrument (bbe Moldaenke, 2007) and exceeded the dynamic range of 400 
µg/L chlorophyll initially reported by Beutler et al. (2002).   
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Similar evaluations of the chlorophyll measurements using multi-wavelength excitation 
have yielded mixed results.  In the field, overestimation of total chlorophyll of up to 300% has 
been attributed to diel variations in spectral fluorescence (Richardson et al, 2010), interference 
from CDOM (Goldman et al., 2013) or the presence of haptophytes (See et al., 2005).  
Photobleaching (Twiss and MacLeod, 2008) and optical density (Gregor and Maršálek, 2004) 
have been linked to underestimation of total chlorophyll.  Since a majority of these effects 
involve environmental factors, they should not have affected results presented in this study.  
Kring et al. (2014) conducted a similar evaluation of the bbe FluoroProbe with laboratory 
cultures and found a significant correlation to extracted chlorophyll with a slope near 1 for 
samples containing between 2 and 140 µg/L total chlorophyll.  However, there was an observed 
underestimation of the chlorophyll in multiple individual cultures in the presence of CDOM, 
even after the yellow-substance fingerprint calibration was applied. 
Besides the underestimation in total chlorophyll, the other shortcoming of the 
FluoroProbe measurements was the inaccuracy in the assignment of chlorophyll to the four 
spectral groups.  Both FluoroProbes correctly identified the chlorophyte samples and most of the 
cyanobacterial samples.  More variation was associated with the assignment of chlorophyll in the 
phycoerythrin-rich cyanobacterial samples, the cryptophyte samples, and the heterokont samples 
(Figure 4.10).  This misidentification can likely be linked directly to the FluoroProbes’ 
calibration parameters.  Group-specific chlorophyll estimations are calculated by the 
FluoroProbe using a technique known as linear un-mixing.  With this method, the fluorescence 
induced in an unknown sample at a certain wavelength is a combination of the fluorescence of 
the all the groups present.  The total signal is deconstructed through a comparison to the known 
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fluorescence intensities of specific algal groups at the wavelengths in question (MacIntyre et al., 
2010).   
When an unknown sample is analyzed with the FluoroProbe, its spectral fluorescence 
signature (SFS) is compared to the norm spectra stored in the instrument.  Identification of the 
dominant spectral group is only reliable as long as the sample has an SFS that is very similar to 
the calibration parameters for that spectral group stored in the instrument.  A deviation from the 
norm spectra can result in the identification of a pure sample as a mixture of the closest spectral 
groups (MacIntyre et al., 2010).  The two “red” cyanobacterial samples (#9 and 10) contain both 
phycocyanin and phycoerythrin.  The phycocyanin is identified with a high signal resulting from 
excitation at 610 nm.  Phycoerythrin is excited by the LED at 570 nm (Beutler et al., 2002), but it 
also leads to an increase in fluorescence from excitation at 450 and 525 nm (Leboulanger et al., 
2002; MacIntyre et al., 2010).  By partially matching the norm spectra of cyanobacteria and 
either cryptophytes (on the ESF FluoroProbe) or heterokonts (on the EC FluoroProbe), the red 
cyanobacteria are classified as a mixture.   
The cryptophyte samples were likely also misidentified because of similar deviations 
from the norm spectra.  For the ESF FluoroProbe, the deviations may be a result of a norm 
spectrum that is inadequately representative.  The cryptophyte calibration parameters were 
derived from the smallest number of samples of all the spectral groups; only three standard 
cryptophyte cultures were measured and averaged.  All three cultures were Cryptomonas species 
and, as might be expected, the instrument showed much better assignment for the Cryptomonas 
culture relative to the Rhodomonas culture.  There can be significant differences in the 
fluorescent response among species in a spectral group, and calibrating instruments like the 
FluoroProbe with a single culture to represent an entire spectral group can lead to incorrect 
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identification (MacIntyre et al., 2010; Richardson et al., 2010).  In comparison, the average 
cyanobacterial spectrum incorporates more than 15 cultures (Beutler et al, 2002; bbe Moldaenke, 
2007) including representatives from Microcystis, Aphanizomenon, and Anabaena, all genera 
used in this study.  In the case of the EC FluoroProbe, we think the cause of the 
misidentifications may be due to changes made in calibration spectra.   This particular instrument 
is used as part of Environment Canada monitoring program, and there may have been changes 
made to the calibration spectra.   The stored norm spectrum for “cryptophytes” in the EC 
FluoroProbe (Table 4.3) is missing the characteristic peak near 475 nm corresponding to the 
absorbance of chlorophyll c.  These changes may have resulted in the FluoroProbe failing to 
assign chlorophyll to cryptophyte and instead assigning it to the closely related heterokonts.  
These results only serve to illustrate the importance in checking calibration parameters before the 
start of each field season. 
In conclusion, this study evaluated three different pigment fluorometers options for the 
monitoring of phytoplankton (and especially cyanobacteria).  For overall biomass estimations, 
the traditional single-wavelength chlorophyll fluorometers showed the lowest correlation with 
traditional extracted chlorophyll measurements when multiple species (as might be encountered 
in natural samples) are included.  Dividing the data according to their respective phycocyanin 
measurements did improve the predictive capability of the calibration.  But this method may 
require the purchase of a separate instrument to measure phycocyanin unless the chlorophyll 
fluorometer can be reconfigured for a second pigment (e.g. the Turner Designs Trilogy or 
10AU).   Multiple calibration curves also necessitate collection of enough samples for each algal 
category (cyanobacterial vs. non-cyanobacterial) to construct two statistically significant 
calibration curves.  In certain situations, two calibration curves may not be necessary.  
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Cyanobacteria predominantly bloom in the late spring and summer (Fogg and Thake, 1987).  
Chlorophyll measurements in early spring or late fall may therefore be less influenced by the 
presence of cyanobacteria and more reflective of the extracted chlorophyll values. 
For selective cyanobacterial monitoring, the phycocyanin fluorometers are a good choice.  
There was no statistical difference in the fluorescent response of the cyanobacterial samples that 
contained just phycocyanin or a mixture of phycocyanin and phycoerythrin.  Calibration curves 
were strongly linear with significant coefficients and would be suitable for predictive 
calculations.  The FluoroProbe was also a viable option.  It provided reliable regressions for both 
total biomass as expressed through total chlorophyll and cyanobacterial biomass as expressed 
through the “blue” chlorophyll or phycocyanin-dependent cyanobacteria channel.  Not all of the 
FluoroProbe identifications were accurate.  However, cyanobacterial samples were consistently 
recognized, even when part of a mixture.  One possible limitation to the successful deployment 
of these fluorometers is the effect of concentrations.  The phycocyanin calibration curves 
displayed a non-linearity at low phycocyanin concentrations due to the fluorescence of non-
cyanobacterial cultures.  In situ, the FluoroProbe has also demonstrated increased scatter at lower 
pigment concentrations (Ghadouani and Smith, 2013).  This may limit the use of the instrument 
in offshore (oligotrophic) waters where there is insufficient biomass to construct viable 
calibration curves. 
It should be emphasized that the results presented in this study are not necessarily 
indicative of how these particular fluorometers will perform when analyzing field samples.  
Measurements in this study were performed with healthy cultures grown with both sufficient 
light and nutrient supply and harvested in the late log phase.  Fluorescent responses change due 
to photobleaching (Dandonneau and Hall, 1998), low nutrient availability (Kiefer, 1973a), and 
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cell age (Parésys et al., 2005).  These stressors can potentially introduce additional variability.  
Interference from CDOM also leads to overestimations of chlorophyll (this work, Chapter 4) and 
misidentification of spectral groups by the FluoroProbe (Goldman et al., 2013).  These 
confounding factors support the necessity of regular and extensive ground-truthing of in situ 
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Chapter 5 
Assessment of phytoplankton distribution in the nearshore zone using continuous in situ 
fluorometry3 
5.1 Abstract 
The Lake Ontario Nearshore Nutrient Survey (LONNS) was conducted in the summer of 
2008 to evaluate the effect of the dreissenid invasion, Cladophora, and hydrologic forces on 
nutrient cycling and phytoplankton dynamics in three nearshore areas of Lake Ontario.  These 
three areas (Oak Orchard, Rochester, and Mexico Bay) differed significantly in terms of their 
watershed character and riverine inputs.  A flow-through system composed of commercial 
sensors was deployed to continuously monitor these three areas and to map water quality 
parameters and phytoplankton distribution in high spatial resolution.  This system was highly 
redundant, with multiple sensors to measure algal biomass based on chlorophyll and 
phycocyanin fluorescence.  During the summer, pigment concentrations were generally low (<2 
µg/L for chlorophyll, <1 µg/L for phycocyanin).  Continuous measurements provided a higher 
resolution than discrete stations and detected slightly higher chlorophyll concentrations 
associated with the thermal front at Oak Orchard (May) and the river plumes at Oak Orchard 
(August) and Rochester (June/August).  Changes in specific conductance suggest these river 
plumes stayed close to shore, which led to elevated biomass within the nearshore region.  The 
deployment of the flow-through system enabled the detection and analysis of these fine-scale 
changes in both phytoplankton and water quality measurements. 
 
                                                
3 Published as Pavlac, Margaret M., Smith, Travis T., Thomas, Sean P., Makarewicz, Joseph C., 
Edwards, William J., Pennuto, Christopher M., and Boyer, Gregory L. 2012. Assessment of 
phytoplankton distribution in the nearshore zone using continuous in situ fluorometry. Journal of 
Great Lakes Research 38 (Supplement 4), 78-84. 
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5.2 Introduction 
In recent years, the deeper pelagic waters of Lake Ontario have shown continual 
improvement in their trophic status due to binational efforts to control nutrient inputs 
(Environment Canada and United States Environmental Protection Agency, 2009).   In contrast, 
the shallower nearshore waters have been plagued by harmful algae such as bloom-forming 
cyanobacteria (Makarewicz et al., 2009) and benthic species such as Cladophora (Auer et al., 
2010).  The Great Lakes provide drinking water for more than 35 million people, and 
cyanobacterial blooms, in particular, threaten water resources in the nearshore zone through the 
release of harmful chemicals, which range from the malodorous and foul-tasting to the actively 
toxic (including neurotoxins, hepatotoxins, allergens, and cancer promoters) (Watson et al., 
2008). 
Cyanobacterial blooms are dependent on water column stability and the presence of 
available nutrients.  Water circulation patterns (and therefore nutrient distribution) in the 
nearshore zone are strongly affected by the development of thermal gradients (Masse and 
Murthy, 1990).  During the winter and early spring, lake waters are isothermally distributed at or 
under 4 ºC.  As temperatures rise, the shallow nearshore waters begin to warm and stratify, 
whereas the offshore water remains at or near the temperature of maximum density.  This leads 
to a transition zone that develops between the colder offshore water and the warmer nearshore 
called a thermal bar or thermal front (Rao et al., 2004).  The difference in water density at the 
thermal gradient inhibits mixing between the nearshore and offshore waters.  This effect is 
especially important in the vicinity of river outflows or other nutrient sources, where the thermal 
front could potentially entrap the nutrient-rich riverine waters within the nearshore zone (Holland 
and Kay, 2003).  The occurrence of warmer, nutrient-rich inshore water offers ideal conditions 
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for increased growth of phytoplankton early in the season relative to the offshore waters 
(Makarewicz et al., 2012a), potentially resulting in earlier blooms and increased degradation of 
the nearshore environment over the course of the summer. 
Phytoplankton distributions, especially near river mouths and complex hydrologic 
features, are often variable and patchy due to the changing hydrologic and nutrient inputs to the 
system.  Traditional fixed-site sampling can often miss this spatial diversity (Boyer et al., 2007; 
Twiss et al., 2010).  An alternate and more informative method for the detection of cyanobacteria 
and other phytoplankton involves the continuous measurement of algal pigments using a flow-
through system integrated into ships-of-opportunity (Rantajärvi et al., 1998).   Originally 
deployed on ferries, chlorophyll fluorometers have routinely been installed as part of these 
‘ferry-boxes’ to provide information on the distribution of blooms in the Baltic (Leppänen et al., 
1995; Rantajärvi et al., 1998; Schneider et al., 2006) and North Seas (Althuis et al., 1994; Holley 
and Hydes, 2002; Swertz et al., 1999), the Neuse Estuary, NC (Buzzelli et al., 2003), and the 
Great Lakes (Pavlac and Boyer, 2007; Twiss and MacLeod, 2008)   In these systems, water is 
continuously pumped from a fixed depth outside the ship through a series of sensors.  Geospatial 
localization of the ship with time then allows for a detailed and geographically broad analysis of 
phytoplankton bloom dynamics based on the in vivo fluorescence of chlorophyll a as an estimate 
of algal biomass.  Measurements of the accessory pigment phycocyanin can also be used to 
detect cyanobacterial blooms in the presence of other algae (Seppälä et al., 2007).  Newer 
fluorometric techniques employ multi-wavelength light to excite various accessory pigments 
(including phycocyanin) to distinguish between the different classes of algae based on their 
resulting chlorophyll fluorescence (Beutler et al., 2002; Ghadouani and Smith, 2005; Parésys et 
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al., 2005; Twiss and MacLeod, 2008; Twiss et al., 2010).  Combined, these techniques provide 
the opportunity for high-resolution spatial analysis of bloom events. 
In this study, a flow-through system equipped with chlorophyll, phycocyanin, and multi-
wavelength chlorophyll sensors was used to examine the abundance of phytoplankton pigments 
relative to riverine inputs at the time of a vertical thermal front.  This system was deployed as 
part of the 2008 Lake Ontario Nearshore Nutrient Study (LONNS), a multi-institutional and 
international study to determine the effects of dreissenid mussels on nutrients and benthic and 
pelagic algae in the nearshore waters.  The focus of this work was mapping geographically 
narrow sections of the nearshore area at a fine scale, paying particular attention to the effect of 
temperature and river outflows on phytoplankton distribution. 
 
5.3 Materials and methods 
5.3.1 Description of the sample sites 
The sample sites were located at Oak Orchard, Rochester, and Mexico Bay on the south 
and eastern shores of Lake Ontario (Figure 5.1).  Sample cruises were conducted in early 
summer (May/June) and early August.  All three sampling areas centered at a riverine inflow, 
and each site was reflective of different land-use conditions.  The Oak Orchard site was outside 
the mouth of the Oak Orchard Creek (43.37149 N, 78.192272 W).  The lands surrounding this 
creek represented a rural/agricultural setting.  Sampling at Rochester was centered at the Genesee 
River outflow (43.2583 N, 77.6033 W) and represented an urban watershed.  The Mexico Bay 
sampling location primarily monitored the outflow of Floodwood and Goose Ponds (43.719691 
N, 76.205549 W).  These ponds are fed by Sandy Creek, South Sandy Creek, and Mud Brook, 
which mainly run through forested and undeveloped areas.  The southern end of this site  
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Figure 5.1 Map of Lake Ontario.  The three sampling sites are boxed: (a) Oak Orchard, (b) 
Rochester, and (c) Mexico Bay. 
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included the outflow from North Pond (43.652845 N, 76.196022 W).  There were also some 
morphological differences between the sites, with the sampling grid at Oak Orchard reaching 
depths near 70 m, while both Rochester and Mexico Bay were shallower, reaching only 30 m. 
The three sampling areas (20 km x 5 km) were mapped in a grid pattern (e.g., see Figures 
5.3 and 5.6) with a minimum nearshore lake depth of 2-3 m.  All sites were sampled against the 
current to prevent resampling of the same water body exiting the river.  Due to the predominately 
counterclockwise water circulation pattern in Lake Ontario (Beletsky et al., 1999), sampling was 
conducted from east to west at Oak Orchard and Rochester and from north to south in Mexico 
Bay.  Discrete water samples were collected at pre-designated sampling stations (site locations 
are given in Makarewicz et al., 2012c) by lowering a Little Giant Pump to a depth of 1 m.  This 
water was then immediately filtered by vacuum in duplicate onto 47-mm, 1-µm polycarbonate 
filters for extraction of both chlorophyll a and phycocyanin.  Additional filters for pigment 
analysis were also collected from the water of the flow-through system outflow and filtered 
separately.   All filters were kept on ice in the field and stored frozen (-21°C) until extracted. 
 
5.3.2 Description of the flow-through system 
Continuous monitoring was conducted on the R/V Seneca, a converted buoy tender.  
Lake water was pumped directly from a depth of 1 m using the in-hull pump to a centrifugal 
debubbling unit (Ocean Instrument Laboratory, SUNY-Stony Brook, NY), followed by a 
CyanoWatch (Turner Designs, Sunnyvale, CA), an AlgaeWatch (Turner Designs), a 10-AU 
(Turner Designs) fluorometer equipped with the CDOM (chromophoric dissolved organic 
matter) filter set, and a Hydrolab 5B water quality sonde (Hach Hydromet, Loveland, CO) 
equipped with sensors for temperature, specific conductance, turbidity, chlorophyll, and 
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phycocyanin.   The final instrument in series was a FluoroProbe (bbe Moldaenke, Kronshagen, 
Germany) submersed in an optically dark enclosure.  The specific sensors and filter 
combinations are described in Table 5.1.  The flow rate was regulated at 8 L/min using a “Y” 
valve and monitored at the system outflow.  The total volume of the system was 4.2 L, and the 
water in the system was exchanged every 30 sec.   Instrument and GPS data were collected at 30-
second to 1-minute intervals, or approximately every 100 m at maximum speed.   Data were 
captured using the manufacturer-supplied instrument-specific software and correlated to the GPS 
data (from Chartview, Nautical Software Inc., OR) using time-stamps.  GPS coordinates were 
not corrected for the offset associated with the system volume since the largest contributor to that 
volume (the FluoroProbe cell) was located at the end of the system. 
Instruments were calibrated before deployment per the manufacturers’ specifications.  
The non-pigment sensors of the Hydrolab were calibrated using standard solutions for 
conductance and turbidity.  The 10-AU fluorometer was calibrated for CDOM using serial 
dilutions of a stock quinine sulfate solution acidified to 5% with H2SO4.  The FluoroProbe 
contained calibration equations from the manufacturer and was blanked using distilled water (18 
MΩ).  It was not corrected for yellow substance due to the highly variable nature of the water 
sampled throughout the day.  In vivo pigment fluorescence for the other fluorometers was 
calibrated using an exponential phase culture of Chlorella vulgaris (chlorophyll) grown in ASM 
media (McLachlan and Gorham, 1961) or Microcystis aeruginosa (phycocyanin) grown in BG-
11 media (ATCC).  The extracted chlorophyll concentration of the culture was determined using 
the Welschmeyer method (Welschmeyer, 1994).  The phycocyanin concentration of the culture 
was determined fluorometrically on a Turner Designs 10-AU fluorometer equipped for 
phycocyanin (Ex. 577 nm, Em. 660 nm) and calibrated against a phycocyanin standard  
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Table 5.1 Instrumentation deployed in the ferry-box system.  
Instrument Sensor Excitation λ (nm) Emission λ (nm) 
CyanoWatch Phycocyanin <595 630-750 
AlgaeWatch Chlorophyll <500 >665 
TD 10-AU CDOM 310-390 410-600 
Hydrolab 5B Temperature   
 Specific conductance   
 Turbidity   
 Chlorophyll 460 620-715 
 Phycocyanin 590 650 
FluoroProbe Temperature   
 Yellow substance   
 Class-specific     
Chlorophyll 
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(Siegelman and Kycia, 1978).   Fluorometers were recalibrated using a secondary standard of 
Rhodamine WT (Keystone Aniline Corporation, IL) in water, and the calibration was checked 
immediately before deployment for each cruise. 
 
5.3.3 Post-deployment calibration of the fluorometers and data analysis 
Chlorophyll filters collected from the discrete sample sites were extracted in 90% acetone 
with 1-hr bath sonication at 4 °C.   The samples remained in the dark for 2 h at 4 °C, and the 
chlorophyll a concentration was measured in a Turner Designs TD-700 fluorometer equipped 
with a mercury blue light and 436 nm (excitation) and 680 nm (emission) filters (Welschmeyer, 
1994).  Phycocyanin filters were extracted in 10 mM phosphate buffer at pH 6.8.  After three 
freeze-thaw cycles to induce cell lysis, samples were clarified through centrifugation.  The 
phycocyanin concentration was measured in a Turner Designs 10-AU fluorometer (excitation at 
577 nm, emission at 660 nm) described above (Konopko, 2007). 
At the end of each cruise, the chlorophyll and phycocyanin fluorescence measurements 
from the ferry box system were calibrated using the pigment concentrations from the discrete 
stations.  Fluorescence measurements from the sensors were averaged over the time on station 
and used to create a separate calibration curve based on the extracted chlorophyll a or 
phycocyanin concentrations.  These calibration equations were employed to convert the relative 
sensor data to equivalent extracted pigment concentrations.  
Specific conductance and chlorophyll measurements were subdivided according to 
sampling location (upstream vs. downstream, inside vs. outside thermal front) and sampling time 
(May/June vs. August) to determine any statistically significant differences.  Due to the non-
normality of the data, Kruskal-Wallis One Way Analysis on Ranks was performed, with Dunn’s 
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Method as the post-hoc test (with SigmaStat 3.5).  A p value of 0.05 was treated as significant.  




5.4.1 Water quality overview 
The surface water temperature, conductance, and CDOM ranges for the six sampling 
cruises are given in Table 5.2.  Both temperature and conductance, as measured using the flow-
through system, showed a high correlation with the corresponding CTD measurement (r2 > 0.9; 
see Makarewicz et al., 2012c) at the discrete sample stations, with the conductance 
measurements using the flow-through system approximately 20% greater than the CTD casts. 
The flow-through system was equipped with highly redundant but not identical sensors 
for temperature, chlorophyll, and phycocyanin (Table 5.1).  Correlation of temperature between 
the sensors was extremely high (r2 = 0.99).  However, there was a noticeable difference in the 
performance of the three fluorometric sensors for chlorophyll.  Empirically, the AlgaeWatch 
sensor showed the best correlation to extracted chlorophyll values (higher r2’s), followed by the 
FluoroProbe for selected sample sets and then the Hydrolab sensor.  Only the results of the 
AlgaeWatch and FluoroProbe sensors are presented here.  Post deployment calibration of the 
individual sensors was complicated by the low pigment concentrations and narrow pigment 
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Table 5.2 The range of temperature, conductance, and chromophoric dissolved organic matter 
observed with the flow-through system during the six sampling events.  






28 May 2008 Oak Orchard 5.39 - 13.64 275 – 292 9.0 - 50.8 
15 August 2008 Oak Orchard 21.38 - 24.05 329 – 357 8.3 - 22.6 
5 June 2008 Rochester 9.81 - 19.20 276 – 563 11.7 - 46.0 
7 August 2008 Rochester 22.63 - 24.41 329 – 608 7.6 - 62.6 
11 June 2008 Mexico Bay 14.75 - 21.1 242 – 320 12.1 - 66.0 
5 August 2008 Mexico Bay 23.00 - 25.86 326 – 350 7.6 - 24.4 
 
b1 QSU = 1 µg/L of quinine sulfate 
  
  157 
Table 5.3 Summary of the extracted pigment concentrations and ranges obtained at the three 
sampling sites during the six sampling events. 
  Chlorophyll a (µg/L) Phycocyanin (µg/L) 
Date Sampling Site (n) Average Range Average Range 
28 May 2008 Oak Orchard (28) 1.25 0.91 – 1.78 0.03 0.01 – 0.09 
15 August 2008 Oak Orchard (26) 1.30 0.76 – 1.74 0.22 0.09 – 0.36 
5 June 2008 Rochester (30) 1.05 0.20 – 1.74 0.05 0.01 – 0.11 
7 August 2008 Rochester (28) 1.09 0.62 – 1.83 0.24 0.07 – 0.54 
11 June 2008 Mexico Bay (30) 0.58 0.29 – 1.51 0.02 0.01 – 0.07 
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5.4.2 Oak Orchard 
In late May, Oak Orchard showed a clear thermal gradient running parallel to the coast 
approximately 4 km offshore (Figure 5.2).  At this time, the nearshore waters had warmed to 10-
12 °C, whereas the offshore waters remained near 6 ºC.  This thermal front was crossed on each 
leg of the sampling grid and the difference in density was clearly visible in the water at the 
intersection of the two temperature zones.  CTD depth profiles indicated strong thermal 
stratification of the waters on the shore side of the thermal front, with lakeside waters weakly 
stratifying from 5 to 6 °C at the surface to near 4 °C at the lake bottom (Makarewicz et al., 
2012a).  By August, the near and offshore surface waters had both warmed, and the thermal 
gradient had dissipated to be replaced by a cool water plume exiting the creek and moving in an 
eastward direction.  Specific conductance averaged 285 µS/cm in May and 334 µS/cm in August.  
In May, the conductance was higher by 1.2% in the offshore waters (Figure 5.3).  Both May and 
August also showed a slight (0.6-1.9%) but significant increase in specific conductance between 
lake waters downstream (east) of the creek inlet relative to the upstream (west of the inlet) 
waters. 
Extracted chlorophyll concentrations off Oak Orchard Creek were low (Table 5.3), and 
no significant difference was observed between average May and August samples in either 
extracted or flow-through measurements (Figure 5.4a).   Continuous sampling did detect a slight 
but significantly elevated level of chlorophyll at the thermal front in May (Figure 5.5a) and to the 
east of the creek inlet in August (Figure 5.5b).  Class-specific chlorophyll analysis from the 
FluoroProbe indicated these areas of higher chlorophyll were dominated by cryptophytes and 
phycoerythrin (PE)-rich cyanobacteria (>50%).  Phycocyanin was uniformly low (Table 5.3) and 
non-informative, although an increase in the average phycocyanin concentration was observed  
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Figure 5.2 Change in surface water temperature at Oak Orchard (28 May 2008) as a function of 
distance from shore.  Dots represent individual temperature measurements recorded with the 
FluoroProbe during eight crossings of the thermal front.  The approximate distance of the 
thermal front as inferred from these multiple measurements was 4-5 from shore. 
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Figure 5.3 Specific conductance distribution mapped at the three sampling sites in early summer 
2008: (a) Oak Orchard on 28 May, (b) Rochester on 5 June, (c) Mexico Bay on 11 June.  The 
dotted line represents the sampling track, with each dot representing one data point measured by 
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Figure 5.4 Chlorophyll distribution of both extracted (gray) and flow-through (white) values for 
each sampling site in both early and late summer: (a) Mexico Bay, (b) Oak Orchard, and (c) 
Rochester.  (a) and (b) correspond to the left y-axis, with (c) referring to the expanded y-axis on 
the right.  The outer bounds of each box represent the 75th and 25th percentile, with the whiskers 
at the 90th and 10th percentile.  A line is drawn at each median, with dots indicating outliers.  The 
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Figure 5.5 Chlorophyll distribution at Oak Orchard correlated to the thermal front on 28 May (a) 
and the river plume on 15 August (b).  In (a), data were divided according to three temperature 
zones: outside the front (<7ºC), inside the front (>11ºC), and the gradient transition zone (7ºC < 
and <11ºC).  In (b), data were divided according to direction from the river mouth: west or east 
of the river.  The outer bounds of each box represent the 75th and 25th percentile, with the 
whiskers at the 90th and 10th percentile.  A line is drawn at each median, with dots indicating 
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from late May to August. 
 
5.4.3 Rochester 
In early June, surface water temperatures at Rochester averaged 12 °C.  A thermal 
gradient parallel to the shoreline was not observed.  However, the water temperature at the 
outflow of the Genessee River was distinctly warmer (14 °C) than in the offshore waters, with 
the temperature reaching a maximum at the river mouth (19 °C).  These warmer waters moved 
westward from the outlet.  By August, surface water temperatures had warmed and were more 
isothermally distributed, averaging 23 °C (Table 5.2).  Specific conductance averaged 287 µS/cm 
in June and 339 µS/cm in August.  In both June and August, there were sharp increases in 
conductance at the Genesee River and Irondequoit Bay outlets.  This higher level of conductance 
moved west of the river in June (Figure 5.3) and to the east in August (data not shown). 
Average chlorophyll concentrations at Rochester remained low (Table 5.3), and no 
significant differences were observed between June and August in either the average extracted or 
flow-through measurements (Figure 5.4b).  The flow-through sensors did detect elevated 
chlorophyll concentrations as the ship crossed the river plume in June (Figure 5.6) and August 
and the Irondequoit Bay outlet (August).  Phycocyanin concentrations were low (Table 5.3) but 
showed the highest levels (< 0.80 µg/L) at and to the west of the river mouth in June, similar to 
the chlorophyll response.  Average phycocyanin concentrations more than quadrupled from June 
to August (Table 5.3).  Class-specific chlorophyll analysis via the FluoroProbe suggested the 
predominant phytoplankton in the river mouth waters were cyanobacteria (61%) in June and 
cryptophytes or PE-rich cyanobacteria (52%) in August.  Chlorophytes and heterokonts (diatoms 
+ dinoflagellates) accounted for less than 10% of the total in both cases. 
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Figure 5.6 Chlorophyll distribution mapped at the three sampling sites in early summer 2008: (a) 
Oak Orchard on 28 May, (b) Rochester on 5 June, (c) Mexico Bay on 11 June.  The dotted line 
represents the sampling track, with each dot representing one data point as measured by the 
AlgaeWatch (calibrated using extracted chlorophyll samples). Gray lines indicate a change in 
lake depth of 1 m. 
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5.4.4 Mexico Bay 
Mexico Bay was the warmest of the three sites sampled.  Surface water temperatures, 
even in June, were higher than 15 °C, with localized warming up to 21 °C in the shallow coastal 
waters.  By August, surface waters were isothermally distributed with an average of 24 °C (Table 
5.2).  The specific conductance averaged 296 µS/cm in June and 337 µS/cm in August.  The 
conductance was highest in the southern region of the sampling grid (near North Pond) and 
generally decreased to the north (Figure 5.3).  There were localized levels of low conductance at 
the outflows of Floodwood/Goose Ponds and North Pond.  This low conductance was associated 
with elevated CDOM at greater than 48 QSU (quinine sulfate units). 
Chlorophyll concentrations remained low, although the average chlorophyll levels more 
than doubled in concentration between June and August (Table 5.3).  The highest chlorophyll 
levels were observed at the mouth of Sandy Creek in June (Figure 5.6) and near the outlet of 
North Pond in August, in an area of high conductance.  Phycocyanin concentrations were 
extremely low in June but increased in August to the highest levels seen at all three sample sites 
(Table 5.3).  The FluoroProbe sensor indicated the phytoplankton composition in these areas of 
high chlorophyll was dominated by cryptophytes and PE-rich cyanobacteria (>90%). 
 
5.5 Discussion 
Phytoplankton growth in the nearshore is affected by numerous factors, including water 
temperature, nutrient inflows, and the effect of dreissenid mussels on the nutrient cycle (Depew 
et al., 2006).  The three sites sampled in this study were chosen to evaluate the impacts of 
different watershed types: agricultural (Oak Orchard), urban (Rochester), and rural (Mexico Bay) 
on growth and productivity in the Lake Ontario nearshore zone.  In terms of phytoplankton 
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distribution, however, the variations in the bathymetric and hydrologic features of the three sites 
were probably as important as the differences in the surrounding watersheds.  The Oak Orchard 
site was the deepest of the three, with maximum depths within the grid near 70 m.  This 
bathymetric difference was likely crucial in the detection of a thermal front paralleling the shore 
at Oak Orchard.  On the first sampling cruise (28 May), the thermal front was identified by a 
temperature gradient from 12 to 6ºC at 4 km from shore (Figure 5.2).  This distance 
corresponded to a depth of approximately 45 m.  By the time Rochester was sampled a week 
later (5 June), the thermal front was not present in the shipboard measurements and, if it existed, 
was outside of the sampling grids for both Rochester and Mexico Bay.  AVHRR satellite 
imagery for surface temperature suggests that the thermal gradient had considerably weakened 
and moved further offshore by June 5 (Michigan Sea Grant Coastwatch, 2011).  The presence of 
a significant thermal gradient at Oak Orchard in May had a measurable effect on the 
phytoplankton distribution.  Chlorophyll concentrations were significantly highest at this thermal 
transition zone (Figure 5.5a), with the lowest concentrations detected outside the gradient zone. 
In the absence of a thermal front, the most important factor affecting phytoplankton 
distribution was the riverine input.  The breadth and direction of river plumes can be detected 
through the measurement of elevated specific conductance (Effler et al., 2010) and/or CDOM 
(Twiss and MacLeod, 2008).  At both Oak Orchard and Rochester, the location of the river 
plume was clearly indicated by elevated specific conductance (Figure 5.3).  In both May and 
August, the Oak Orchard Creek output flowed eastward, a trend mirrored by elevated 
chlorophyll concentrations to the right of the river in August (Figure 5.5b).  At Rochester, 
currents from the Genesee River traveled westward in June rather than the eastward direction 
detected in August.  In both cases, the elevated conductance levels were accompanied by higher 
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chlorophyll concentrations, with increases at the rivermouth.  This increased chlorophyll can be 
linked to an influx of total and soluble reactive phosphorus, which both correlated with elevated 
conductance.  The elevated chlorophyll levels observed in both Oak Orchard Creek (~14 µg/L in 
August) and the Genesee River (~24 µg/L in June; ~9 µg/L in August) (Makarewicz et al., 
2012b) also indicate that some chlorophyll in the nearshore was likely transferred from the 
adjoining river.    Interestingly, the Sandy Creek outflow in Mexico Bay was indicated by a 
decrease in conductance (Figure 5.3), with an accompanying increase in both CDOM and 
chlorophyll (Figure 5.6).  This low conductance can be attributed to the rural character of the 
watershed, which may have also led to an increased CDOM signature due to forest organics.  
The sharp increase in conductance at the southern edge of the Mexico sampling grid can likely 
be attributed to the outflow of the neighboring Salmon River.  The elevated chlorophyll 
concentrations detected at the shore in June were possibly a reflection of the warmer waters in 
the extremely shallow nearshore zone at this site and/or the elevated total phosphorus levels 
associated with the shoreline (Makarewicz et al., 2012c).   
The phytoplankton and water quality distributions in this study were site-specific.  The 
use of the flow-through system enabled the detection of these variations on a much finer scale 
than could be obtained with traditional discrete sampling (Figure 5.4).  The surface water 
temperature agreed well with CTD casts, and recorded conductance levels fell within the range 
of previous studies in the Lake Ontario nearshore (Lawrence et al., 2004; Makarewicz, 1987).  
Still, there are some limitations to the instruments deployed in the flow-through system.  The in 
vivo fluorescent response of phytoplankton is affected by numerous factors, including 
photoacclimation (Lutz et al., 2003), diel variations (Dandonneau and Neveux, 1997), nutrient 
stress (Kiefer, 1973), and cell age (Parésys et al., 2005).  This makes calibration prior to 
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deployment with laboratory cultures (grown under optimal conditions) only an approximation of 
the fluorescent response found in the field.  It was essential to calibrate the fluorometric data 
after deployment using the extracted discrete pigment samples.   Construction of a calibration 
curve was complicated by the low pigment concentrations and narrow range of values observed 
in this study (Table 5.3).  The fluorescent response also varied among the sensors.  The 
AlgaeWatch system, which is engineered for use under flowing condition, performed much 
better (as indicated by higher correlations to extracted pigment values) than the Hydrolab and 
FluoroProbe, which were designed for depth profiling applications.  The observed pigment 
concentrations were also near the lower detection limits of several of the sensors.   For example, 
Twiss et al. (2010) and co-workers showed the accuracy of the FluoroProbe decreased 
significantly at chlorophyll concentrations below 2 µg/L without a CDOM correction (Kohanski 
et al, 2008; Twiss et al., 2010).  Thus the choice of the sensors deployed will have a dramatic 
effect on the accuracy and precision of a flow-through system used as a monitoring tool. 
The nearshore of Lake Ontario is a complex system with site-specific factors that affect 
phytoplankton growth.  In this study, a thermal gradient parallel to the shore significantly 
impacted the phytoplankton distribution at Oak Orchard, with a clear chlorophyll maximum seen 
at this thermal front.  A more broadly observed feature impacting phytoplankton was the 
discharge from a river.  At both Oak Orchard (August) and Rochester (June/August), algal 
biomass, as indicated by elevated chlorophyll, followed the flow of the river outlet, as indicated 
by elevated conductance. The deployment of the flow-through system enabled the detection and 
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Chapter 6 
Fluorometric Determination of Phytoplankton Distribution in Lake Ontario and the 
Challenges in Post-Deployment Calibration4 
 
6.1 Abstract 
This study evaluated calibration options for two chlorophyll fluorometers, the Turner 
Designs AlgaeWatch and the bbe FluoroProbe, to account for this variability.  These instruments 
were deployed in a flow-through monitoring system to collect continuous data during seven 
weeklong cruises on Lake Ontario between 2007-2010.  Extracted chlorophyll and phycocyanin 
concentrations of discrete samples varied with year, season, and location.  Post-deployment 
calibration curves were constructed by correlating in vivo chlorophyll fluorescence with 
extracted chlorophyll concentrations.  Both single linear, nonlinear, and dual linear regressions 
were evaluated for fit and predictive potential.  For the dual regressions, chlorophyll data were 
divided into two groups: (1) cyanobacteria and (2) noncyanobacteria based on a cut-off 
phycocyanin fluorescence value as measured with a Turner Designs CyanoWatch.  These split 
regressions were more accurate representations of the AlgaeWatch data in late summer when 
pigment concentrations were higher.  FluoroProbe calibration curves with a single regression 
were strongly linear at higher pigment concentrations.  Calibrated continuous chlorophyll data 
were mapped to illustrate temporal and spatial changes in the distribution of phytoplankton 
throughout the lake.  Total chlorophyll measurements were also categorized as belonging to four 
spectral algal groups using the bbe FluoroProbe.  These identifications did not match with 
independently-conducted taxonomic cell counts. 
                                                
4 To be submitted as M.M. Pavlac, J. Bisgrove, and G.L. Boyer to the Journal of Great Lakes 
Research 
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6.2 Introduction 
Lake Ontario is an important freshwater resource for millions of people in both the 
United States and Canada.  Billions of gallons of water are removed from Lake Ontario every 
day for both public and commercial purposes (Great Lakes Commission, 2014).  The lake also 
provides for multiple recreational activities such as swimming, boating, and fishing (Finger 
Lakes-Lake Ontario Watershed Protection Alliance and New York Sea Grant, 2010).  Protecting 
the water quality of Lake Ontario is critical for maintaining these functions.  One metric for 
determining water quality is the trophic state of a lake as defined by nutrient concentrations 
(O’Sullivan, 2005) and chlorophyll a concentrations (Reynolds, 2006) as an indication of algal 
biomass.  Binational efforts initiated in the 1970s have led to decreased total phosphorus in Lake 
Ontario (Holeck et al., 2015; Malkin et al., 2010) and a transition from eutrophic to mostly 
oligotrophic conditions (Mills et al., 2003; Munawar et al., 2015).  However, more recent 
anthropogenic stressors such as global climate change and the accidental introduction of 
dreissenid muscles have started to impact Lake Ontario (Mills et al., 2003) and may have led to 
observed increases in benthic (Malkin et al., 2010) and cyanobacterial growth (Nicholls et al., 
2002).  There have even been short-term increases to mesotrophic levels in the offshore (Holeck 
et al., 2015; Munawar et al., 2015). 
Due to these recent changes in phytoplankton growth in Lake Ontario, more frequent 
monitoring has been recommended (Munawar et al., 2015).  Effective monitoring programs are 
hampered by both the size and variability in the lake.  Lake Ontario has a surface area of 19,009 
km2 (Great Lakes Commission, 2014).  Frequently sampling an area that large is both time and 
cost-prohibitive.  Sampling is also complicated by the patchy distribution of phytoplankton in the 
lake.   Higher concentrations of phytoplankton, and particularly cyanobacteria, are expected in 
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the shallow nearshore areas where higher nutrient levels and warmer temperatures encourage 
growth (Davis et al., 2009; Makarewicz et al., 2006).  Regions like the Bay of Quinte (Watson et 
al., 2008) and Sodus Bay (Perri et al., 2015) have experienced severe and often toxic 
cyanobacterial blooms in recent years.  Meanwhile, the center of Lake Ontario is quite deep and 
is commonly oligotrophic (Munawar et al., 2015).  However, patches of phytoplankton are 
possible due to wind and currents (Reynolds, 2006).  A traditional monitoring program based on 
discrete sampling is likely to miss some of the bloom events in the lake due to either timing or 
location of sampling (Rantajärvi et al., 1998). 
This study evaluates flow-through chlorophyll fluorometry as an alternative method for 
quantifying phytoplankton in a large system such as Lake Ontario.  Chlorophyll a fluorescence 
has long been correlated with algal biomass (Heaney, 1978; Lorenzen, 1966) and is one of the 
most common and simple methods for determining pigment concentrations (Millie et al., 2010).  
Fluorometers that measure in vivo chlorophyll fluorescence can be deployed in situ to provide 
real-time data on phytoplankton distributions.  Wide geographical coverage is also possible if the 
fluorometers are integrated into continuous flow-through systems on ships-of-opportunity.  
Chlorophyll fluorescence has been successfully employed to track phytoplankton distribution 
across the Baltic (Leppänen et al., 1995; Rantajärvi et al., 1998; Schneider et al., 2006) and 
North Seas (Althuis et al., 1994; Holley and Hydes, 2002; Swertz et al., 1999) and the Lower 
Great Lakes (Konopko, 2007; Pavlac et al., 2012; Twiss and MacLeod, 2008).  
One of the primary issues with in vivo chlorophyll fluorescence is accurately correlating 
in situ measurements to extracted chlorophyll concentrations.  The fluorescent response of a 
particular algal cell can vary with light intensity (Dandonneau and Neveux, 1997; Loftus and 
Seliger, 1975), nutrient concentrations (Kiefer, 1973), and cell age (Parésys et al., 2005).  
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Fluorescence measurements can also be skewed by turbidity (Althuis et al., 1994; Swertz et al., 
1999) or absorbance of other substances in the water such as chromophoric dissolved organic 
matter (CDOM) (Carlson and Shapiro, 1981; Loftus and Seliger, 1975).  The effect of this 
variability can be partially mitigated by employing a post-deployment calibration.  In these 
calibrations, in situ pigment measurements are validated against extracted concentrations from 
discrete samples collected concurrently in the field (Holley and Hydes, 2002; Millie et al., 2010; 
Reed et al., 2010; Seppälä et al., 2007;).  These regressions are still influenced by the varying 
fluorescent response of different algal groups. 
Cyanobacteria, in particular, have a much lower fluorescent chlorophyll response 
(Heaney, 1978; Pavlac, this work, Chapter 4; Vincent, 1983) because the majority of their 
chlorophyll is located in the poorly-fluorescing Photosystem I (Myers et al., 1980; Papageorgiou, 
1996; Trissl et al., 1993).  The heterogeneous nature of phytoplankton distributions may be the 
reason that calibration curves can suffer from flattening and increased scatter at higher 
chlorophyll concentrations due to issues with optical density and species variability (Gregor and 
Maršálek, 2004; Konopko, 2007). 
In this study, the spatial and temporal phytoplankton distributions in Lake Ontario were 
evaluated using two different chlorophyll fluorometers.  The Turner Designs AlgaeWatch is a 
traditional chlorophyll fluorometer that employs single-wavelength excitation.  In situ 
chlorophyll measurements from this instrument were calibrated using different regression 
options to address the scatter and non-linearity.  These included employing a single linear 
trendline, a single logarithmic trendline, and splitting the data into two linear trendlines based on 
fluorescence measurements of phycocyanin, the main photosynthetic pigment in cyanobacteria 
(Gregor and Maršálek, 2005).  The other chlorophyll fluorometer was the bbe FluoroProbe.  This 
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fluorometer employs multi-wavelength excitation to differentiate between the chlorophyll 
signatures of different algal classes (Beutler et al., 2002).  The effectiveness of the FluoroProbe 
post-deployment calibration was compared to the calibration options for the single-wavelength 
fluorometer.  Influences of sample size, pigment concentration, and time of sampling on the 
post-deployment calibration are discussed.  The application of the calibration is illustrated with 
the mapping of phytoplankton distribution in Lake Ontario in the spring and summer of 2008. 
 
6.3 Materials and Methods  
6.3.1 Description of cruises and discrete sampling 
Seven sampling cruises were conducted on Lake Ontario between 2007 and 2010 (Table 
6.1).  These cruises belonged to two categories.  The spatial distribution of phytoplankton was 
obtained through Environment Canada’s “Taste and Odor” cruises that aimed to assess the effect 
of cyanobacterial blooms on Lake Ontario water quality.  These cruises were conducted yearly 
during a two-week window in late August on the Canadian Coast Guard Ship (CCGS) Limnos.  
The cruise track started in Burlington, Ontario and roughly followed the circumference of Lake 
Ontario, with some vertical transects in the middle of the lake.  Special emphasis was placed on 
the shallow regions in the northeastern portion of the lake, including the Bay of Quinte and the 
St. Lawrence River outflow. While the station locations were the same every year, the number of 
stations sampled varied between 42 and 69.  Figure 6.1 gives a representative map of the 
sampling station distribution.  Station coordinates are found in Appendix B. 
The temporal distribution of phytoplankton across a single year (2008) was assessed as 
part of the Cooperative Science Monitoring Initiative (CSMI) through the Lake Ontario Lower  
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Table 6.1 Description of the sampling cruises on Lake Ontario 
 
Cruise Name Ship Start Date End Date # Stations Sampled 
Taste and Odor 2007 CCGS Limnos 8/27/07 8/31/07 69 
Taste and Odor 2008 CCGS Limnos 8/25/08 8/29/08 69 
Taste and Odor 2009 CCGS Limnos 8/31/09 9/4/09 49 
Taste and Odor 2010 CCGS Limnos 8/30/10 9/3/10 42 
Lake Ontario Lower 
Food-Web Assessment 
(LOLA) #1 
CCGS Limnos 4/21/08 4/25/08 20 





7/20/08 7/26/08 29 
Lake Ontario Lower 
Food-Web Assessment 
(LOLA) #3 














Figure 6.2 Map of sampling stations for the July LOLA 2008 cruise  
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Food-Web Assessment (LOLA) cruises.  These cruises were part of a binational monitoring 
program to examine the lower food web through the course of the spring and summer.  The 
cruises departed from Burlington, Ontario on either the CCGS Limnos (April, September) or the 
Environmental Protection Agency (EPA) Lake Guardian.  The cruise tracks consisted primarily 
of vertical transects across the eastern, central, and western portions of Lake Ontario (see Figure 
6.2).  The number of stations sampled on any given cruise ranged between 15 and 29.  Station 
Coordinates are found in Appendix B. 
At each sampling station, a Little Giant submersible pump (Fort Wayne, IN) was lowered 
to a depth of 1 m to collect a discrete water sample.  Between 100-800 mL of the water was 
filtered onto Whatman Nucleopore 47-mm diameter, 1-µm polycarbonate filters.  Duplicate 
samples were collected for both chlorophyll a and phycocyanin analysis.  During the 2007 Taste 
and Odor and the LOLA #1 cruise (Table 6.1), samples for chlorophyll a analysis were instead 
collected onto Whatman 47-mm diameter 934-AH glass fiber filters.  For all cruises, a separate 
set of pigments filters was also collected from the flow-through system outflow for calibration 
validation.  All filters were stored on board at -21°C and transported back to the lab on ice.  In 
2009 and 2010, subsamples of unfiltered water were also measured discretely using a bbe 
FluoroProbe (described below).  These data were corrected for the interference of yellow 
substances using the filtrate from the pigment filters and the offsets calibration option from the 
provided software.  
 
6.3.2 Description of flow-through system and continuous sampling 
Continuous monitoring was conducted during each cruise using a series of water quality 
sensors (Table 6.2), with a focus on pigment fluorescence, connected in a flow-through system.  
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Table 6.2 Instrumentation deployed as part of the flow-through system. 
Instrument       Sensor Excitation (nm) 
Emission 
(nm) Reported Range 
Turner Designs 
CyanoWatch Phycocyanin <595 630-750 0-5x10
4 cells/mL 
Turner Designs 
AlgaeWatch Chlorophyll <500 >665 0-200 µg/L 
bbe Moldaenke 
FluoroProbe* 
Group-specific                  
Chlorophyll 
370, 470, 525, 
570, 590, 610 690-710 0-200 µg/L 
 Temperature    
Hydrolab 5B 
Sonde Chlorophyll 460 620-715 0-500 µg/L 
 Phycocyanin 590 650 0-2 x106 cells/mL 
 Temperature    
 Specific Conductance    
Turner Designs 
10AU ** CDOM 310-390 410-600 0-200 µg/L 
*Only deployed as part of the flow-through system during the 2008 cruises. 
**Deployed starting in 2008. 
  
  183 
The instruments were connected in series and coupled inline to the laboratory lake water system.  
Water was obtained from the in-hull pump whose inlet was located approximately 1 m below the 
water level on the ship’s bow.  The sample water first flowed through a tube debubbler that 
consisted of a tall plastic tube (5.5 cm x 1.3 m) open to the atmosphere and used to control the 
head pressure of the system.  Starting in July 2008, the tube debubbler was replaced with a 2-
inch Vortex Debubbler (Model VDB-1, Marine Sciences Research Center, Stony Brook, NY).   
The debubbled water passed in series through several fluorometers.  
In vivo chlorophyll fluorescence was measured by a Turner Designs AlgaeWatch 
(Sunnyvale, CA) and a Hydrolab 5B water quality sonde (Hach Hydromet, Loveland, CO) that 
was equipped with a flow-through (400 mL) sampling cell.  A bbe FluoroProbe (bbe Moldaenke, 
Kronshagen, Germany) was also added to the system only in 2008.  The FluoroProbe was 
submerged into an optically dark flow-through enclosure (3000 mL) at the end of the system.  In 
vivo phycocyanin was detected by a Turner Designs CyanoWatch and the Hydrolab Sonde.  The 
Hydrolab Sonde also provided data on other water quality parameters such as temperature, pH, 
and specific conductance.  Starting in 2008, a Turner Designs 10-AU fluorometer was employed 
to measure chromophoric dissolved organic matter (CDOM).  Filter details for each fluorometer 
are provided in Table 6.2. 
The total volume of the flow-through system varied between 1500 mL with the first four 
instruments to 4500 mL if the FluoroProbe was included.  Flow rate was monitored at the system 
outflow, and maximum flow rates varied by cruise. An average flow rate was 5 L/min, leading to 
the system flushing approximately every minute.  Instrument data were collected at 30-second or 
1-minute intervals using the manufacturer-provided software.  These data were matched to the 
GPS coordinates (Chartview, Nautical Software, Inc., OR) using individual time stamps.  
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Individual instruments were not corrected for the fact that they received water at slightly 
different times relative to the GPS time stamp. 
The instruments were calibrated before each cruise according to the manufacturers’ 
instructions.  The non-pigment sensors on the Hydrolab Sonde were calibrated using standard 
conductivity solutions and pH buffers.  The 10-AU was calibrated for CDOM with solutions of 
quinine sulfate in 5% H2SO4.  The bbe FluoroProbe used the factory-provided calibration files 
and was not recalibrated with live cultures pre-deployment.  It was blanked with distilled water 
(18 MΩ) using a cuvette prior to deployment in the flow-through system. 
The other pigment fluorometers were calibrated using culture samples diluted in their 
respective media.  These cultures were grown in 2.4-L Fernbach flasks containing 1.4 L of media 
at room temperature (c. 21°C) without bubbling.  The ambient light in the room was a 
combination of fluorescent light and sunlight; it ranged from 10 to 50 µmol m-2 s-1.  The in vivo 
chlorophyll sensors were calibrated with dilutions of an exponential-phase culture of Chlorella 
vulgaris grown in ASM media (McLachlan and Gorham, 1961).  The extracted chlorophyll 
concentration of this culture was determined according to the Welschmeyer method 
(Welschmeyer, 1994) as described below.  The in vivo phycocyanin sensors were calibrated with 
dilutions of an exponential phase culture of Microcystis aeruginosa UTEX LB 2061 grown in 
BG-11 media (Atlas, 2005).  The phycocyanin concentration of the culture was measured 
fluorometrically on a Turner Designs 10-AU fluorometer (Ex. 577 nm, Em. 600 nm) as 
described below.  The Turner Designs AlgaeWatch and CyanoWatch were calibrated against 
secondary standards of Rhodamine WT solutions (Keystone Aniline Corporation, IL).  These 
secondary standards were also used to check the calibration during the cruise. 
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6.3.3 Pigment filter extraction 
Chlorophyll filters were extracted in 90% acetone at 4°C using the EPA method 445.0 
(Arar and Collins, 1997).  Samples were bath-sonicated (50/60 Hz) for 1 h and remained in the 
dark for two h.  Extracted chlorophyll concentrations were determined using a Turner Designs 
TD-700 fluorometer equipped with 436 nm (excitation) and 680 nm (emission) filters and a 
mercury blue light (Welschmeyer, 1994).  The TD-700 was calibrated with a chlorophyll a 
standard (Sigma-Aldrich, St. Louis, MO) whose concentration had been determined 
spectrophotometrically (Jeffrey and Humphrey, 1975). 
Phycocyanin filters were extracted in 10 mM phosphate buffer at pH 6.8 (Pavlac, this 
work, Chapter 3).  Samples were subjected to three freeze-thaw cycles to induce cell lysis before 
clarification through centrifugation for 15 min at 10,000xg.  Extracted phycocyanin 
concentrations were quantified on a Turner Designs 10-AU fluorometer equipped with 577 nm 
(excitation) and 660 nm (emission) filters and a cool white lamp (Konopko, 2007).  This 10-AU 
was calibrated with a filtered solution of lyophilized Microcystis aeruginosa culture that was 
rehydrated in the 10 mM phosphate buffer.  The phycocyanin concentration of the standard had 
been determined spectrophotometrically (Siegelman and Kycia, 1978). 
 
6.3.4 Post-deployment calibration of the fluorometers and data analysis 
Collected FluoroProbe measurements were converted to equivalent chlorophyll 
concentrations in µg/L using the provided FluoroProbe Software (version 1.9.7, 2005).  This 
software interpolates the fluorescence induced at the five excitation wavelengths (Table 6.2) and 
assigns a calculated chlorophyll amount to each of four algal groups (chlorophyte, cyanobacteria, 
heterokont, and cryptophyte).  These assignments are calculated based on factory-provided norm 
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spectra created by averaging the fluorescent output of at least three algal species in each group 
(Beutler et al., 2002). 
Statistical analysis of pigment data was performed using SigmaPlot 13.0. After each 
cruise, the in vivo chlorophyll measurements from the flow-through system were calibrated using 
the filtered pigment samples.  Fluorescence measurements at the time of sampling were plotted 
in relative fluorescence units (RFU) against the corresponding extracted pigment concentrations 
of the station samples in µg/L.  Linear regressions were evaluated using two different methods.  
First, regressions were constructed using the complete sampling station data set (1-line 
regression).  Second, the sampling station data were split into two data sets based on estimated 
cyanobacterial biomass as indicated by the in vivo CyanoWatch phycocyanin measurements (2-
line regression).  Outliers were identified by studentized residuals >2.000, and coefficients with a 
p <0.050 were treated as significant.  The predicted residual error sum of squares statistic 
(PRESS) was also determined for each linear regression.  In this calculation, each data point was 
deleted individually from the regression.  The predicted value of the point (based on the 
regression) was compared to the actual value to find the prediction error.  The PRESS statistic 
was a total of the squares of the prediction errors for the entire data set.  Finally, nonlinear 
regressions incorporating the natural log of the independent variable were also tested. 
The effectiveness of the post-deployment calibrations was evaluated by applying the 
regression equations (without outliers) to the rest of the fluorescence measurements collected 
during each cruise.  The in vivo fluorescence values were converted to calculated extracted 
chlorophyll concentrations.    Calculated extracted concentrations were plotted against the 
extracted concentrations of the discrete samples collected from the system outflow. Negative 
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calculated values were converted to 0 prior to these regressions.  Calculated chlorophyll 
concentrations were mapped for each cruise using ArcGIS 10.5. 
 
6.4 Results 
6.4.1 Extracted pigment concentrations from discrete sampling 
Both extracted chlorophyll (Table 6.3) and phycocyanin (Table 6.4) concentrations varied 
with year, season, and geographical location.  The LOLA cruises earlier in the season generally 
had lower average pigment concentrations than the cruises in August.  Higher chlorophyll 
concentrations were observed in the eastern part of the Lake, especially near Oswego and in the 
Bay of Quinte.  Samples collected near Toronto and Burlington (Hamilton Harbor) also had 
extracted chlorophyll concentrations well above the lakewide chlorophyll average.  Elevated 
phycocyanin concentrations were limited to the Bay of Quinte and stations near Oswego and 
Burlington (Hamilton Harbor).  Samples near Toronto rarely exceeded the extracted phycocyanin 
average. 
 
6.4.2 Calibrating the AlgaeWatch chlorophyll measurements 
6.4.2.a Single linear regression 
AlgaeWatch measurements (in RFU) were calibrated against extracted chlorophyll 
concentrations from all the discrete station samples using a linear regression (Table 6.5).  The 
regressions for all the Taste and Odor cruises appeared had r2 values greater than 0.7.  PRESS 
values were less consistent.  Each regression curve contained between 5-8 outlying values.  
Almost all (except 2) of these outliers corresponded to samples from stations with higher than 
average extracted phycocyanin values, mostly in the Bay of Quinte (see above).  Removal of the  
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Table 6.3 Extracted chlorophyll a data for the discrete water samples collected at all the 
lakewide sampling stations. 
 








TO 2007 126 0.44 – 73.8 1.17 5.59 
TO 2008 79 0.60 – 21.3 1.41 3.05 
TO 2009 90 0.49 – 30.7 1.28 3.38 
TO 2010 84 0.73 – 16.0 1.33 2.77 
LOLA 1 39 0.28 – 1.64 0.85 0.91 
LOLA 2 58 0.84 – 8.33 2.15 2.63 
LOLA 3 30 0.69 – 3.12 1.36 1.51 
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Table 6.4 Extracted phycocyanin data for the discrete water samples collected at all the lakewide 
sampling stations. 
 








TO 2007 122 0.19 – 163 0.57 6.12 
TO 2008 77 0.05 – 13.3 0.45 1.11 
TO 2009 90 0.10 – 36.4 0.36 2.01 
TO 2010 84 0.10 – 4.65 0.51 0.93 
LOLA 1 39 0.00 – 0.07 0.02 0.02 
LOLA 2 57 0.03 – 4.17 0.20 0.43 
LOLA 3 29 0.08 – 0.46 0.24 0.24 
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outliers improved both the r2 and PRESS values.  Figure 6.3 shows the best (high r2, low 
PRESS) and worst (lower r2, high PRESS) single-line calibration curves for the Taste and Odor 
cruises.  The LOLA regressions had weak correlations (r2 < 0.7) prior to the removal of the  
outliers (Table 6.5).  The 1-2 two outliers in each curve corresponded to stations near the Niagara 
River outlet (April), the Bay of Quinte (July), or Oswego (September) with higher than average 
chlorophyll concentrations.  Removal of the outliers only improved the linearity for July cruise.  
Figure 6.4 shows the best (high r2, low PRESS) and worst (low r2) single-line calibration curves 
for the LOLA cruises. 
The effectiveness of the calibration curves was evaluated using both the discrete samples 
collected from the system outflow and the relative fluorescence measurements collected 
continuously during the cruise.  The best-fit regressions from Table 6.5 (without outliers) were 
used to calculate a predicted chlorophyll concentration based on the AlgaeWatch reading at the 
time of sampling.  For the discrete system samples, these calculated chlorophyll concentrations 
were plotted against the actual extracted chlorophyll concentrations of that data set (Table 6.6).   
Successful calibrations resulted in both a slope and r2 near 1 to indicate agreement between 
predicted and actual pigment concentrations.  These conditions were met by the single-linear 
calibration of the 2008 and 2010 Taste and Odor chlorophyll data (Table 6.6).  There was a high 
percentage of calculated negative concentrations for most of the cruise data sets.  The percentage 
of false negatives was highest for the 2007 Taste and Odor and 2008 LOLA 3 cruises, with over 
35% of the calculated chlorophyll concentrations for both discrete and continuous measurements 
falling below 0.  
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Table 6.5 Linear regression data for the calibration of AlgaeWatch measurements.  Fluorescence 
readings (in RFU) were plotted against the extracted chlorophyll (in µg/L) of samples collected 
at the sampling stations.  Regressions are presented with and without the outliers as identified 
with studentized residuals above 2.000.  Significant coefficients are bolded. 
 






All Samples           
TO 2007 126 0.515 5.47 0.779 2360 
TO 2008 80 0.655 1.17 0.731 268 
TO 2009 90 0.928 1.29 0.798 698 
TO 2010 84 0.567 -2.04 0.849 69.9 
LOLA 1 39 7.56 -4.76 0.618 187 
LOLA 2 56 0.780 1.13 0.600 73.6 
LOLA 3 30 0.260 1.16 0.090 7.19 
No Outliers      
TO 2007 118 0.532 4.94 0.842 995 
TO 2008 75 0.773 0.885 0.839 95.5 
TO 2009 85 0.998 1.12 0.902 228 
TO 2010 77 0.697 -2.22 0.914 22.0 
LOLA 1 37 5.23 -3.04 0.568 82.3 
LOLA 2 54 1.19 0.208 0.889 16.8 
LOLA 3 29 0.286 1.08 0.126 6.05 
 
  



















Figure 6.3 Single-line calibration of relative fluorescence measurements (RFU) from the 
AlgaeWatch against extracted chlorophyll concentrations (µg/L) from discrete stations samples.  
Regressions are provided for the 2010 (A) and 2007 (B) Taste and Odor cruises.  Unfilled 
markers represent outliers (studentized residuals > 2.000) that are not included in the regression.  
The line is the best-fit of the linear regression analysis.  Bolded coefficients are significant. 
 
 



















Figure 6.4 Single-line calibration of relative fluorescence measurements (RFU) from the 
AlgaeWatch against extracted chlorophyll concentrations (µg/L) from discrete stations samples.  
Regressions are provided for the July (A) and September (B) LOLA cruises.  Unfilled markers 
represent outliers (studentized residuals > 2.000) that are not included in the regression.  The line 
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Table 6.6 Validation of the AlgaeWatch linear calibration curves using the discrete samples 
collected from the system outflow and the continuous measurements.  Coefficients are presented 
for the correlation of the calculated chlorophyll concentrations (in µg/L) versus extracted 
chlorophyll concentrations of the discrete samples (in µg/L).  Outliers were not identified or 
removed.  Significant coefficients are bolded.  The percentage of samples, both discrete and 
continuous, with a negative calculated chlorophyll concentration is also presented.  These values 
were changed to 0 for the regression. 
 






TO 2007 38 0.598 9.40 0.609 37 38 
TO 2008 14 1.03 0.043 0.856 14 21 
TO 2009 10 0.309 1.94 0.017 20 19 
TO 2010 22 0.840 0.910 0.885 9 11 
LOLA 1 30 1.70 -0.268 0.602 0 0 
LOLA 2 34 0.684 0.771 0.837 0 0 
LOLA 3 30 1.92 -1.01 0.240 40 44 
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6.4.2.b Nonlinear regression 
AlgaeWatch measurements were calibrated against the natural log of the extracted 
chlorophyll concentrations from all the discrete station samples (Table 6.7).  Example 
regressions for the 2010 and 2007 Taste and Odor cruises are presented in Figure 6.5.  Most of 
the cruises had a good fit to the logarithmic regression with r2’s greater than 0.7 (Table 6.7).  The 
effectiveness of the calibration curves was evaluated using the discrete samples collected from 
the system outflow (Table 6.8).  Large slope values indicated that the predicted chlorophyll 
concentration as calculated using the nonlinear regressions were generally too high.  The 
chlorophyll data from the 2007 Taste and Odor cruise was the only data set where the nonlinear 
fit was better than the linear fit.  Even then, the chlorophyll concentrations were underestimated 
(74% of the actual concentration) All calculated chlorophyll concentrations were positive. 
 
6.4.2.c Two linear regressions 
AlgaeWatch measurements were subdivided based on the predicted cyanobacterial 
biomass as estimated using the corresponding CyanoWatch measurement.  AlgaeWatch 
measurements with low estimated phycocyanin were grouped into one linear regression.  
AlgaeWatch measurements with a high estimated phycocyanin were grouped into a second linear 
regression  (Pavlac, this work, Chapter 4).  This double regression method was evaluated for all 
cruises with high phycocyanin concentrations and a sufficient number of discrete stations 
samples to be split into two regressions.  Coefficients for both calibration regressions after the 
removal of outliers are presented in Table 6.9.  Cut-off CyanoWatch values were chosen based 
on the grouping of data into two linear regressions (e.g. Figure 6.6).  The effectiveness of the  
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Table 6.7 Nonlinear logarithmic regression data for the calibration of AlgaeWatch 
measurements. Fluorescence readings (in RFU) were plotted against the natural log of the 
extracted chlorophyll (in µg/L) of samples collected at the sampling stations.  Significant 
coefficients are bolded. 
 





R2 Std Error 
of Estimate 
TO 2007 126 7.37 4.57 0.869 3.24 
TO 2008 80 3.27 1.16 0.734 1.70 
TO 2009 90 5.00 1.90 0.770 2.80 
TO 2010 84 2.57 -1.96 0.859 0.834 
LOLA 1 39 5.52 3.07 0.502 2.35 
LOLA 2 56 2.53 1.08 0.724 0.848 



















Figure 6.5 Nonlinear logarithmic calibration of relative fluorescence measurements (RFU) from 
the AlgaeWatch against extracted chlorophyll concentrations (µg/L) from discrete stations 
samples.  Regressions are provided for the 2010 (A) and 2007 (B) Taste and Odor cruises. The 
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Table 6.8 Validation of the AlgaeWatch nonlinear calibration curves using the discrete samples 
collected from the system outflow.  Coefficients are presented for the correlation of the 
calculated chlorophyll concentrations (in µg/L) versus extracted chlorophyll concentrations of 
the discrete samples (in µg/L).  Outliers were not identified or removed.  Significant coefficients 
are bolded.  
 





TO 2007 38 0.742 2.53 0.816 
TO 2008 14 3.78 -3.65 0.791 
TO 2009 10 0.0654 1.37 0.007 
TO 2010 22 1.54 -1.42 0.824 
LOLA 1 30 3.13 -1.05 0.457 
LOLA 2 34 6.52 -14.0 0.906 
LOLA 3 30 3.04 -1.22 0.134 
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calibration curves was evaluated with both the discrete samples collected from the system 
outflow and the continuous measurements (Table 6.10).  Correlations of calculated chlorophyll 
against extracted chlorophyll of the discrete samples displayed a stronger linear response (higher 
r2) than with the single-line calibration (Table 6.6).  There were also much fewer negative values 
calculated for the continuous measurements. 
 
6.4.3 Calibrating the FluoroProbe total chlorophyll measurements 
FluoroProbe total chlorophyll measurements were calibrated against extracted 
chlorophyll concentrations from all the discrete station samples.  These measurements included 
both flow-through (2008) and discrete (2009-2010) readings (Table 6.11).  Due to the group-
specific corrections provided by multi-wavelength excitation, only single-linear regressions were 
performed.  The three Taste and Odor cruises produced strongly linear regressions with r2’s near 
or above 0.9.  PRESS values were generally lower than those seen with the AlgaeWatch 
regressions.  Each regression contained between 3-6 outliers.  Almost all (except 2) of these 
outlying values corresponded to samples with higher than average phycocyanin values.  Removal 
of the outliers improved both the linearity and the predictive ability of the regressions and shown 
by higher r2 and lower PRESS values.  Figure 6.7 shows the best (high r2, low PRESS) and worst 
(lower r2, high PRESS) single-line calibration curves for the Taste and Odor cruises.  The 
linearity of the LOLA calibrations was much lower (Table 6.11).  The July cruise was the only 
one with a linear regression (Figure 6.8) with an r2 greater than 0.8; it was improved by the 
removal of 2 outliers from the western basin with high chlorophyll.  
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Table 6.9 Linear regression data for the calibration of AlgaeWatch measurements when divided 
into two regression groups.  AlgaeWatch measurements (in RFU) were split according to a 
threshold CyanoWatch (CW) Reading (in RFU), and both data sets were plotted against 
extracted chlorophyll samples collected at the sampling stations (in µg/L).  Regressions are 
presented without the outliers as identified with studentized residuals above 2.000.  Significant 

















            
TO 2007 25 9 107 2.07 3.02 0.458 462 
TO 2008 25 3 54 1.48 -0.172 0.613 24.0 
TO 2009 50 4 70 1.84 -0.127 0.713 48.4 
TO 2010 23 2 70 1.28 -3.01 0.780 10.3 




     
TO 2007 25 0 10 0.146 27.8 0.320 300. 
TO 2008 25 2 20 0.760 1.52 0.843 84.1 
TO 2009 50 0 16 0.811 3.19 0.547 583 
TO 2010 23 0 12 0.529 -1.72 0.461 56.6 
LOLA 3 17 0 4 0.406 0.299 0.946 0.0363 
  









Figure 6.6 Split calibration of relative fluorescence measurements (RFU) from the AlgaeWatch 
against extracted chlorophyll concentrations (µg/L) from discrete stations samples.  Regressions 
are provided for the 2007 Taste and Odor (A) and September LOLA (B) cruises.  Data were split 
according to corresponding relative fluorescence measurements collected with the CyanoWatch; 
the cut-off values were 25 (A) and 17 (B) RFU.  Unfilled markers represent outliers (studentized 
residuals > 2.000) that are not included in the regression.  The lines are the best-fit of the linear 
regression analysis.  Bolded coefficients are significant. 
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Table 6.10 Validation of the AlgaeWatch linear calibration curves constructed by splitting the 
data into two groups according to the corresponding CyanoWatch measurement.  Coefficients 
are presented for the correlation of the calculated chlorophyll concentrations (in µg/L) versus 
extracted chlorophyll concentrations of the discrete samples (in µg/L).  Outliers were not 
identified or removed.  Significant coefficients are bolded.  The percentage of samples, both 
discrete and continuous, with a negative calculated chlorophyll concentration is also presented.  
These values were changed to 0 for the regression. 
 






TO 2007 38 0.575 1.52 0.803 42 22 
TO 2008 14 0.983 0.104 0.845 14 6 
TO 2009 10 -0.536 2.42 0.097 20 4 
TO 2010 22 1.10 0.307 0.910 0 1 
LOLA 3 30 2.17 -1.19 0.547 0 7 
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Table 6.11 Linear regression data for the calibration of FluoroProbe total chlorophyll 
measurements.  Total chlorophyll as determined by the FluoroProbe software (in µg/L) was 
plotted against the extracted chlorophyll (in µg/L) of samples collected at the sampling stations.  
FluoroProbe measurements from the starred cruises were obtained using discrete samples and 
also yellow-corrected using filtrated water and the FluoroProbe offsets calibration option.  
Regressions are presented with and without the outliers as identified with studentized residuals 
above 2.000.  Significant coefficients are bolded. 
 
Cruise # Samples Slope Intercept r2 PRESS 
All Samples           
TO 2008 65 0.822 2.94 0.893 131 
TO 2009* 88 0.695 0.765 0.969 48.8 
TO 2010* 84 0.645 0.525 0.953 24.2 
LOLA 1 35 0.284 1.89 0.037 10.0 
LOLA 2 56 1.08 0.927 0.785 48.7 
LOLA 3 30 0.666 0.559 0.403 6.78 
No Outliers      
TO 2008 59 0.839 2.82 0.914 48.3 
TO 2009* 85 0.694 0.813 0.985 15.4 
TO 2010* 80 0.653 0.478 0.982 7.88 
LOLA 1 33 0.508 1.61 0.138 7.10 
LOLA 2 54 1.16 0.800 0.840 37.6 























Figure 6.7 Single-line calibration of total chlorophyll measurements (µg/L) from the 
FluoroProbe against extracted chlorophyll concentrations (µg/L) from discrete stations samples.  
Regressions are provided for the 2010 (A) and 2008 (B) Taste and Odor cruises.  The 2008 
values were only calibrated with the deionized water calibration.  Unfilled markers represent 
outliers (studentized residuals > 2.000) that are not included in the regression.  The line is the 
best-fit of the linear regression analysis.  Bolded coefficients are significant. 
 
 


















Figure 6.8 Single-line calibration of total chlorophyll measurements (µg/L) from the 
FluoroProbe against extracted chlorophyll concentrations (µg/L) from discrete stations samples.  
Regressions are provided for the July (A) and April (B) LOLA cruises.  The data were calibrated 
with the deionized water calibration.  Unfilled markers represent outliers (studentized residuals > 
2.000) that are not included in the regression.  The line is the best-fit of the linear regression 
analysis.  Bolded coefficients are significant. 
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Table 6.12 Validation of the FluoroProbe linear calibration curves using the discrete samples 
collected from the system outflow and the continuous measurements.  Discrete measurements 
from the starred cruises were yellow-corrected using filtrated water and the FluoroProbe offsets 
calibration option.  Coefficients are presented for the correlation of the calculated chlorophyll 
concentrations (in µg/L) versus extracted chlorophyll concentrations of the discrete samples (in 
µg/L).  Outliers were not identified or removed.  Significant coefficients are bolded.  The 
percentage of samples, both discrete and continuous, with a negative calculated chlorophyll 
concentration is also presented.  These values were changed to 0 for the regression. 
 






TO 2008 14 1.33 0.080 0.864 14 3 
TO 2009* 10 0.743 0.941 0.338 0 N/A 
TO 2010* 20 0.958 0.525 0.948 0 N/A 
LOLA 1 28 1.74 -0.177 0.616 7 17 
LOLA 2 33 0.537 1.30 0.796 0 0 
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The effectiveness of the calibration curves was evaluated with both the discrete samples 
collected from the system outflow and the continuous measurements (Table 6.12).  Correlations 
of calculated chlorophyll against extracted chlorophyll of the discrete samples displayed a strong 
linear response (high r2) and good agreement (slope~1) for both the 2008 and 2010 Taste and 
Odor cruises.  The validation regressions for the LOLA cruises were not strongly linear and 
either overestimated (e.g. LOLA 1) or underestimated (e.g. LOLA 2) the chlorophyll 
concentrations by up to 75% on average.  None of the calibrations resulted in a high percentage 
of negative calculated chlorophyll concentrations. 
 
6.4.4 Chlorophyll distribution from continuous sampling and FluoroProbe identifications 
Continuous in vivo chlorophyll measurements were converted to extracted in situ 
concentrations with the calibration curves and then mapped to visualize their distribution.  The 
specific calibration method for each cruise was chosen based on the results of the discrete sample 
validations (Tables 6.6, 6.8, and 6.10).  The chosen calibration method had the highest agreement 
between predicted and actual extracted chlorophyll concentrations as indicated by regressions 
with a high r2 and a slope near 1.  All Taste and Odor cruise data were calibrated using the split 
regression for the AlgaeWatch.  LOLA cruise data were calibrated using single-linear 
regressions with either AlgaeWatch (April, July) or FluoroProbe (September) measurements.  
Maps for April (Figure 6.9), July (Figure 6.11), August (Figure 6.13), and September (Figure 
6.15) of 2008 are presented.  Distribution maps for the other cruises are found in Appendix C.  
Group-specific chlorophyll concentrations as determined by the FluoroProbe were converted into 
percentages of the total chlorophyll.  The percentages for each sampling station are presented for 
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April (Figure 6.10), July (Figure 6.12), August (Figure 6.14), and September (Figure 6.16) of 
2008, with the percentages for 2009 and 2010 in Appendix C. 
In April, chlorophyll maxima were observed in opposite corners of the lake: the northeast 
near Kingston and the southwest near Burlington and the Niagara River.  The middle of the lake 
was very patchy, with low chlorophyll concentrations below 0.5 µg/L along the central transect 
and in the eastern basin.  FluoroProbe data indicated that the phytoplankton growth was 
dominated by cyanobacteria throughout the lake with a lake-wide average of 81.0% of the 
phytoplankton biomass.  There were minor percentages of cryptophytes at some stations, 
particularly in the eastern basin (Figure 6.10).  By July, chlorophyll concentrations throughout 
the lake had increased, and the central basin showed a more even distribution (Figure 6.12).  The 
eastern basin had the highest chlorophyll values.  Maxima over 5 µg/L were located in the 
southeast by Oswego and the northeast in the Bay of Quinte.  Cyanobacteria were only 
predominant in the Bay of Quinte, with a minor percentage seen in the western basin.  
Cryptophytes were prevalent throughout the lake (75.4% average), and heterokonts were the 
second most common algal group (19.6% average) (Figure 6.12). 
By August, chlorophyll concentrations in the eastern basin decreased.  The overall 
distribution was also much more uneven, with various patches of low chlorophyll concentrations 
in the northern sections of the lake.  There were maxima above 5 µg/L in the Bay of Quinte and 
at Burlington.  Phytoplankton were predominantly cryptophyte (77.6%).  Cyanobacterial 
distribution was higher than July with a lake-wide average of 16.2%.  The highest percentages 
were in the Bay of Quinte.  There were also minor percentages at Oswego and in the western 





Figure 6.9 Continuous chlorophyll data for the April 2008 LOLA cruise.  Continuous data were calculated using a single regression 











Figure 6.10 Algal percentages for the April 2008 LOLA cruise.  Group-specific chlorophyll concentrations and total chlorophyll 
concentrations were calculated by the FluoroProbe software.  Group-specific concentrations were divided by the total to determine the 






Figure 6.11 Continuous chlorophyll data for the July 2008 LOLA cruise.  Continuous data were calculated using a single regression 





Figure 6.12 Algal percentages for the July 2008 LOLA cruise.  Group-specific chlorophyll concentrations and total chlorophyll 
concentrations were calculated by the FluoroProbe software.  Group-specific concentrations were divided by the total to determine the 






Figure 6.13 Continuous chlorophyll data for the August 2008 Taste and Odor cruise.  Continuous data were calculated using a split 





Figure 6.14 Algal percentages for the August 2008 Taste and Odor cruise.  Group-specific chlorophyll concentrations and total 
chlorophyll concentrations were calculated by the FluoroProbe software.  Group-specific concentrations were divided by the total to 







Figure 6.15 Continuous chlorophyll data for the September 2008 LOLA cruise.  Continuous data were calculated using a single 
regression calibration curve from FluoroProbe total chlorophyll measurements.  Algal percentages were calculated by the provided 





Figure 6.16 Algal percentages for the September 2008 LOLA cruise.  Group-specific chlorophyll concentrations and total chlorophyll 
concentrations were calculated by the FluoroProbe software.  Group-specific concentrations were divided by the total to determine the 
percent for each group. 
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September.  There were some randomly distributed maxima in the center of the lake.  
Heterokonts (59.6%) and cryptophytes (31.7%) were the major algal groups (Figure 6.16). 
 
6.5 Discussion 
The use of chlorophyll fluorescence to monitor phytoplankton growth in a large system 
such as Lake Ontario has multiple practical advantages.  The method is easy to implement and 
provides real-time measurements.  Fluorometers can be incorporated into flow-through systems 
on ships-of-opportunity to provide routine monitoring of algal biomass.  The collected in vivo 
fluorescence data are valuable to determine relative trends in algal distribution.  Yet a true 
quantitative evaluation of the phytoplankton dynamics necessitates the correlation of the 
fluorescence data in RFU to extracted pigment concentrations (Millie et al., 2010).  The 
generation of such calibration curves is complicated by the variability associated with large and 
complex limnological systems.  We evaluated the post-deployment calibration of chlorophyll 
fluorescence data collected using two different types of fluorometers: a traditional single-
wavelength (Turner Designs AlgaeWatch) and a multi-wavelength excitation (bbe FluoroProbe). 
 The purpose of post-deployment calibration curves is to convert relative fluorescence 
measurements to extracted pigment concentrations.  Functional calibration curves have to be an 
accurate representation of the relationship between the two variables.  In this study, the fit of 
calibration curves was evaluated by looking for a high r2 in the regressions equation(s).  A low 
PRESS value was also desirable as it indicated a higher predictive potential for the model.  Once 
a suitable calibration curve is constructed with standard samples, the associated regression 
equation(s) can be used to calculate the concentrations of unknown samples.  The goal is to 
maximize the closeness of these calculated concentrations to the true concentrations.  We 
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assessed this accuracy using a separate set of discrete samples from the system outflow.  
Fluorescence from the time of sampling was converted using the calibration curves to the 
equivalent extracted concentrations.  Calculated chlorophyll concentrations were then plotted 
against the measured concentrations, aiming for a slope and r2 near 1.  The calibration curves 
were also applied to all the remaining continuous fluorescence measurements.  Calibration 
curves were deemed more successful if there were a minimum number of calculated negative 
concentrations. 
These metrics were applied to the post-deployment chlorophyll calibrations for both the 
AlgaeWatch and FluoroProbe data collected during seven cruises on Lake Ontario over a four-
year period.  Based on these data, a successful post-deployment calibration of in vivo chlorophyll 
fluorescence was predominantly influenced by three factors.  They included: (1) the type of algae 
represented, (2) the range of chlorophyll concentrations, and (3) the number of samples available 
to generate the calibration regression.  The month of sampling plays a role in the impact of these 
factors.  Some can be mitigated depending on the type of fluorometer used (single-wavelength 
vs. multi-wavelength). 
The effect of algal type on the fluorescent response, in particular, is very instrument- and 
cruise-specific.  The algae of most concern were cyanobacteria.  With the majority of their 
chlorophyll in the weakly-fluorescent Photosystem I (Myers et al., 1980; Papageorgiou, 1996; 
Trissl et al., 1993), they have a drastically different chlorophyll fluorescent response than other 
types of phytoplankton.  Their fluorescent response can be lower by factors of 10 to 50-fold 
(Heaney, 1978; Pavlac, this work, Chapter 4; Vincent, 1983).  Their inclusion in a calibration 
curve with other types of phytoplankton drastically affected the linear relationship between in 
vivo fluorescence and extracted chlorophyll (Pavlac, this work, Chapter 4).  There are two 
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options for dealing with this group-linked variability.  The first is to separate the chlorophyll 
calibration into two regressions, cyanobacteria and non-cyanobacteria.  The second is to employ 
a fluorometer with multi-wavelength excitation in order to correct for the low cyanobacterial 
fluorescence found with traditional single-wavelength excitation.  Both of these methods rely on 
identifying cyanobacteria through one of their main accessory pigments, phycocyanin (Reynolds, 
2006).  
Not all calibration curves for traditional single-wavelength chlorophyll fluorometers need 
to be split into two regressions.  The necessity is dependent on the proportion of cyanobacteria in 
the water at the time of sampling.  There are several factors that can indicate the need to create 
two separate chlorophyll regressions.  Extracted phycocyanin concentrations are directly 
correlated to cyanobacterial cell counts (Pavlac, this work, Chapter 3).  Low phycocyanin 
concentrations, such as those seen in April 2008, can indicate that there is minimal 
cyanobacterial growth and remove the need to split the chlorophyll calibration curve.  Time of 
year is also a factor.  Cyanobacteria tend to bloom later in the summer when temperatures favor 
their growth (Reynolds, 2006).  In July, we did see higher localized extracted phycocyanin 
readings at several stations, but there were not enough cyanobacterial samples to necessitate a 
separate chlorophyll regression.  It was not until August and September that cyanobacterial 
became prevalent enough to affect the chlorophyll calibration. 
The third factor to consider is phycocyanin fluorescence.  Extracted phycocyanin 
concentrations indicate the magnitude of cyanobacterial biomass, while fluorescence gives an 
indication of the ratio of cyanobacterial biomass within the entire phytoplankton assemblage.  
This distinction was illustrated with the September LOLA cruise, where extracted phycocyanin 
concentrations were low (<1 µg/L).  However, four samples had proportionally higher 
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phycocyanin fluorescence than the others and were appropriately separated during the 
chlorophyll calibration.  In vivo phycocyanin fluorescence is ultimately the most useful 
parameter for identifying cyanobacteria because it can be collected concurrently with chlorophyll 
fluorescence as part of an in situ flow-through system.  This set-up facilitates the separate 
chlorophyll calibration of the standard discrete samples as well as the continuous fluorescence 
measurements. 
The final indication that separate chlorophyll regressions are needed is the identification 
of multiple statistical outliers.  Many of the data sets in this study produced strongly linear 
correlations between in vivo chlorophyll fluorescence and extracted chlorophyll fluorescence, but 
only after the removal of statistical outliers (Table 6.5).  Many of the statistical outliers were 
samples with intermediate chlorophyll concentrations.  Their removal dramatically altered the 
shape of the data and forced the regression to be defined as a linear trendline bounded by 
samples at low and high chlorophyll concentrations.  Calibration curves with too many samples 
removed are not an accurate representation of the data and should not be used to correct other in 
vivo chlorophyll measurements.  In this case, using such regressions to calculate predicted 
chlorophyll concentrations led to a severe underestimation of chlorophyll content, with up to 
38% of the discrete and continuous samples calculated as being falsely negative (Table 6.6).  
Logarithmic calibrations had the opposite effect.  Calculated chlorophyll concentrations of the 
discrete system samples were severely overestimated, with ratios of prediction to extracted over 
3 for most cruises (Table 6.8). 
It is recommended that split chlorophyll calibration curves are constructed if the 
following factors apply to a large number of samples in the data set: (1) high extracted 
phycocyanin concentrations (~1 µg/L); (2) sampling time in late summer (for temperate lakes); 
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(3) high relative phycocyanin fluorescence; (4) identification as a statistical outlier in a single-
line chlorophyll calibration curve.  For our cruises, all of these factors were present during 
sampling.  Evaluation of the statistical outliers from the AlgaeWatch single regression 
calibration curves for the Taste and Odor data sets indicated that most of the outliers were 
samples with extracted phycocyanin concentrations higher than 3 µg/L.   The data sets were 
therefore separated into separate chlorophyll regressions based on higher phycocyanin 
fluorescence values (Figure 6.6).  Splitting the chlorophyll regression did increase the accuracy 
of the calibration.  The chlorophyll concentrations that were calculated with the dual regression 
had a very good agreement with the extracted chlorophyll concentrations of the discrete system 
samples.  The linearity of the validation plot increased, and slopes for many of the cruises were 
closer to 1.  There were also much lower percentages of negative concentrations calculated with 
the continuous data (Table 6.6 vs. Table 6.10).   
Splitting traditional chlorophyll calibration curves is effective, but it is also complex and 
involves the coordination of several different data sets.  The second method for dealing with the 
variability of cyanobacteria is much simpler.  It involves the deployment of an instrument with 
multi-wavelength chlorophyll excitation such as the bbe FluoroProbe.  This instrument employs 
several excitation LEDs to target the unique accessory pigments of different algal groups.  The 
resulting chlorophyll fluorescence is interpreted by the in-built algorithms and processed as a 
chlorophyll concentration (in µg/L) assigned to each algal group.  By exciting cyanobacteria 
through their phycocyanin pigments instead of chlorophyll and employing cyanobacteria-specific 
calibration algorithms, the FluoroProbe is designed to correct for their fluorescent response 
(Beutler et al., 2002). 
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The multi-wavelength approach is effective with complex environmental samples.  
Strongly linear (r2 > 0.9) regressions for the Taste and Odor cruises indicated that the in vivo 
total chlorophyll as determined by the FluoroProbe accurately reflected fluctuations in 
chlorophyll concentrations, even with the inclusion of cyanobacteria.  These regressions also 
indicated, however, that the FluoroProbe numbers should not be taken at face value.  While the 
linear correlation was strong, the FluoroProbe did underestimate the chlorophyll of samples from 
five out of the six cruises.  Underestimation by the FluoroProbe has also been observed in 
several field studies due to either photobleaching (Twiss and MacLeod, 2008) or issues with 
optical density (Gregor and Marsalék, 2004).  Underestimation may also simply be a 
consequence of the variability between the fluorescent response of in situ cultures and the 
laboratory cultures employed to create the factory-installed calibration algorithms.  In order to 
avoid underestimations, post-deployment calibrations should be employed for chlorophyll 
measurements collected using the FluoroProbe or other multi-wavelength instruments.  These 
calibrations increase the accuracy of the fluorometric data. 
The FluoroProbe eliminated much of the variability associated with algal group.  
However, the FluoroProbe is not without its limits.  After algal type, the other most influencing 
factor on the success of calibration curves was the pigment concentration range of the samples 
used for calibration.  For chlorophyll concentrations at and below 1 µg/L, the fluorometers were 
not sensitive enough to respond linearly over such a limited range.  It is also possible that 
background fluorescence from chromophoric dissolved organic matter interfered with the 
chlorophyll signal (Pavlac, this work, Appendix A).  The resulting calibration curves featured 
heavy scatter in the data for both types of chlorophyll fluorometers, particularly with the April 
(Figure 6.8) and September (Figure 6.4) LOLA cruises.  This non-linearity at low concentrations 
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has been previously noted in other in situ fluorescent studies of chlorophyll in the lake.  In 2008, 
low chlorophyll concentrations in Lake Ontario complicated calibration of fluorometer 
measurements (Pavlac et al., 2012).  Multiple studies have shown that the FluoroProbe was less 
accurate at chlorophyll concentrations under 2 µg/L (Ghadouani and Smith, 2005; Kohanski et 
al., 2008; Kring et al., 2014), and we did find the AlgaeWatch curves more reliable for cruises 
with low chlorophyll concentrations.  As a result of these instrumental limitations, dependable 
monitoring of phytoplankton biomass in Lake Ontario is limited to summer, when chlorophyll 
concentrations are higher. 
The final variable to affect the fitness of calibration curves was the number of discrete 
samples collected to create the curve.  The more standards that are used to create the calibration 
curve, the better the regression will fit and represent the data.  This was illustrated by the 
comparison of the Taste and Odor and LOLA cruises.  The LOLA cruises involved the collection 
of a smaller sample set.  The resulting single linear regressions for both the AlgaeWatch (Table 
6.6) and FluoroProbe (Table 6.11) data featured much lower r2 values than with the larger Taste 
and Odor data sets.  The same relationship between sample number and r2 also applied to the 
nonlinear (Table 6.8) and split (Table 6.9) regressions.  There were only two calibration curves 
that deviated from this trend.  The split regression for the September LOLA cruise had very high 
r2 with only four samples because they clustered in sets of two.  The other deviation was the 
single regression for the 2007 Taste and Odor cruise (Table 6.6).  Even though this curve had the 
largest sample number, the majority of the samples were at chlorophyll concentrations of 1 µg/L 
or less.  The scatter associated with these low concentrations (as discussed above) impacted the 
linearity of the regression.  
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These finding indicate that collecting the appropriate number of discrete samples for 
calibration is an important part of any monitoring program that uses pigment fluorescence.  The 
number of samples necessary was likely dependent on the size of the system being sampled.  In a 
large system like Lake Ontario, approximately 50 standard samples were optimal for 
constructing a calibration curve with a strong fit and predictive potential.  That total number 
necessary did not depend on the type of calibration curve being constructed.  If the calibration 
curve does not need to be split (as with the FluoroProbe), then 50-60 discrete samples from 
throughout the lake gave a strong linear regression (Table 6.11).  If the calibration curve needed 
to be split, then at least 25 per group (or 50 total) were necessary (Table 6.9) to obtain r2’s above 
0.7 for both regressions.  The time-period of sampling was also an important factor to consider.  
The calibrations curves in this study were constructed with lake-wide samples collected during a 
single week, the length of each sampling cruise.  Phytoplankton growth and distribution within a 
large freshwater system can change very quickly due to wind and current patterns.  Monitoring 
programs that include longer deployments should take care to collect the requisite number of 
calibration samples over short and predetermined sampling intervals. 
These sampling requirements raise some practical concerns.  One of the benefits of 
installing flow-through systems on merchant or research vessels is to collect chlorophyll data 
without much oversight as the ship travels on other business.   In order to validate these data, 
someone must collect and filter dozens of samples each week.  These samples also need to 
represent a wide range of phycocyanin fluorescence measurements if the data are to be split.  
Such sampling is tricky due to the very patchy nature of cyanobacterial distributions within a 
lake.  An automatic sampler could be the answer to this problem, especially if the sampler can be 
programmed to collect samples at pre-designated fluorescence levels.  Water samples could then 
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be stored for several hours in the cold without degradation (Wetzel and Likens, 1991) prior to 
filtration and extraction. 
Effectively calibrating flow-through measurements does take time and planning.  Yet the 
results offered a much more detailed picture of phytoplankton biomass in the lake than that 
provided by traditional discrete sampling.  Extracted chlorophyll concentrations do provide some 
insight into general temporal trends.  According to our data, phytoplankton biomass was lowest 
in April 2008 before increasing to a maximum in July.  By August and September, chlorophyll 
concentrations had leveled off to median levels just higher than those found in April.  These 
results agreed well the extracted chlorophyll trends observed independently by Munawar et al. 
(2015) and Holeck et al. (2015) on the same LOLA cruises.  They also match with the general 
trend in lower spring biomass concentrations in the lake between 2001 and 2011 (Reavie et al., 
2014). 
Relying on station data alone, however, can lead to incorrect conclusions about 
phytoplankton distribution.  Munawar et al. (2015) determined that the eastern basin in 
September had biomass concentrations that were 50% higher than the rest of the lake based on 
nine sampling stations.  Our chlorophyll map for LOLA 3 (Figure 6.15) indicates that there were 
also significant blooms in the western end of the basin.  They were missed by Munawar et al. 
because they fell between the predetermined vertical ship transects.  Continuous mapping was 
beneficial in tracking the extreme patchiness of phytoplankton distribution throughout the lake.  
It is also valuable for determining the extent of known algal biomass.  Several regions in Lake 
Ontario that are identified as Areas of Concern (AOCs) have experienced impairments in human 
use due to algal blooms. Such AOCs include the Hamilton Harbor, the Toronto area, the 
Rochester embayment, the Oswego River, and the Bay of Quinte (Watson et al., 2008).  In 
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particular, the Rochester area and the Bay of Quinte have suffered from taste and odor events 
affecting water quality (Watson et al., 2007).  Our mapping tracked blooms in the Bay of Quinte 
and showed their reach into lower portions of the lake.  A phytoplankton maximum at the 
Oswego River outlet was also determined to extend up to 20 km offshore (Figure 6.11).  Such 
detailed representations of algal growth are critical for planning remediation efforts in the lake.  
Beyond quantitation, identification of phytoplankton is also an important component of a 
monitoring program.  Microscopic identification is not ideal for multiple reasons.  Identification 
is limited to discrete samples and is both labor and time intensive.  It also requires a high amount 
of training, particularly for systems with a wide variety of phytoplankton species such as Lake 
Ontario (Munawar et al., 2015).  Instruments such as the bbe FluoroProbe were a better option 
because they can be incorporated into a flow-through system to collect continuous data. 
Unfortunately, our results indicated that the percentages calculated for each group by the 
FluoroProbe algorithm may be subject to a large amount of error.  Samples from the April cruise 
were identified as being predominantly cyanobacterial (Figure 6.10).  This designation is 
unlikely since extracted phycocyanin concentrations were so low.  Taxonomic identifications 
reported by Munawar et al. (2015) and Reavie et al. (2014) determined that the Lake Ontario 
spring biomass was actually dominated by dinoflagellates and diatoms in 2008.  Later in the 
summer, our FluoroProbe incorrectly assigned the majority of phytoplankton to the cryptophyte 
channel, when actual percentages were less than 25% (Munawar et al., 2015; Reavie et al., 
2014).  While these taxonomic studies were performed on integrated samples collected from 
depths up to 20 m, the disparity in identification is too large to be explained by a difference in 
sampling method.  It is unclear why the algal group percentages as determined by our 
FluoroProbe were incorrect. 
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Previous evaluations of the FluoroProbe’s group identifications have yielded mixed 
results.  In culture studies, the FluoroProbe’s identifications are in good agreement with the 
actual algal group being tested, even with culture mixtures (Beutler et al., 2002; Kring et al., 
2014; Pavlac, this work, Chapter 4).  In field studies, however, there are greater discrepancies 
between the FluoroProbe data and other enumeration techniques.  The FluoroProbe indicated 
general trends in the phytoplankton assemblage, but calculated percentages differed from those 
determined by HPLC (See et al., 2005) up to a factor of 14-fold.  Comparisons with microscopic 
identification also indicated that the FluoroProbe did not always detect the contribution of algal 
groups with lower relative biomass  (van Beusekom et al., 2009).  As suggested by Beusekom et 
al. (2009), the issue may be due to low chlorophyll concentrations.  There may also be an impact 
from background CDOM fluorescence that is attributed to the cryptophyte channel by our 
FluoroProbe (Pavlac, this work, Appendix A).  Further work is needed to evaluate how the 
accuracy in FluoroProbe identifications can be improved for flow-through applications. 
In conclusion, In vivo pigment fluorescence as part of a flow-through system is a valuable 
technique for monitoring phytoplankton distribution in large freshwater systems.  The continuous 
collection of data allows for fine-scale mapping to identify algal blooms that would be missed by 
traditional discrete sampling.  However, it is important not to take relative fluorescence 
measurements at face value due to the highly variable fluorescent response of phytoplankton.  
All in situ fluorescence measurements must be calibrated post-deployment using extracted 
pigment samples from the site.  For a large freshwater system such as Lake Ontario, a significant 
number of samples are required for calibration, and their collection should be factored into the 
sampling plan.  Chlorophyll calibration curves also need to account for the lower fluorescent 
response of cyanobacteria.  This correction requires extra instrumentation beyond a traditional 
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single-wavelength chlorophyll fluorometer.  The simultaneous collection of phycocyanin 
fluorescence measurements allows for data to be split according to cyanobacterial character.  A 
chlorophyll calibration curve can then be constructed with two separate regressions.  Alternately, 
an instrument with multi-wavelength excitation such as the bbe FluoroProbe can provide 
cyanobacterial correction within a single instrument.  Both methods of calibration can result in 
strongly linear correlations that allow for the accurate correction of relative fluorescence data.  
However, factors such as low pigment concentrations and background CDOM correction may 
limit the applications of these methods. 
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In vivo pigment fluorescence has been used as a proxy for phytoplankton biomass in both 
marine (Lorenzen, 1966) and freshwater (Heaney, 1978) systems for 50 years.  The method has 
many advantages, including speed, ease, and the potential to provide real-time data when 
deployed in situ.  The main disadvantage is variability in the measured fluorescent response due 
to instrumental (Gregor and Maršálek, 2004), environmental (Swertz, 1999; Carlson and 
Shapiro, 1981), and biological factors (Parésys et al., 2005).  In vivo fluorescence measurements 
should be validated against extracted pigment concentrations (Millie et al., 2010; Reed et al., 
2010).  However, these calibration curves are subject to scatter and non-linearity (Konopko, 
2007), which limits their reliability.  In this study, we focused on evaluating the effectiveness of 
commercial chlorophyll and phycocyanin fluorometers to monitor the biomass and distribution 
of phytoplankton, and especially cyanobacteria, in large freshwater systems.  The calibration 
methods for fluorometers with traditional single-wavelength excitation were compared to those 
of newer instruments with multi-wavelength excitation.  A series of these pigment fluorometers 
was deployed as part of a flow-through system to monitor the temporal and spatial phytoplankton 
distribution in Lake Ontario. 
Calibration curves are based on the correlation of in vivo fluorescence measurements to 
extracted pigment concentrations.  As the independent variable of the regression, these extracted 
concentrations need to be as accurate and precise as possible.  The choice of extraction method is 
therefore critical.  For chlorophyll extraction, the choice is straightforward.  Chlorophyll is a 
hydrophobic pigment that is readily extracted into organic solvents.  There is a long established 
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history of using this pigment as a surrogate for algal biomass in aquatic systems, and the method 
for extraction from phytoplankton cells with 90% acetone is a well-established (Arar, 1997). 
In contrast, phycocyanin (and the closely related phycoerythrin) is covalently bound to a 
protein complex.   It is not readily extracted from the cell using organic solvents, and care must 
be taken during the extraction process to release the protein from the cell, since denaturing the 
protein would change the fluorescent response.  These issues make the extraction process very 
labor intensive. For this reason, there has yet to be a generally accepted method for the extraction 
of phycocyanin from cyanobacterial cells.  Our work indicates that extraction efficiencies vary 
significantly due several variables that include filter type, extraction solution, and extraction 
method (Pavlac, this work, Chapter 3).  The wide variety of extraction processes currently in use 
make it difficult to evaluate or compare phycocyanin data in the literature.  We recommend that 
a common extraction method be adopted for phytoplankton monitoring purposes.  
Phytoplankton/cyanobacterial samples should be collected exclusively on polycarbonate filters 
and extracted in phosphate buffer (pH 6.8) with three freeze-thaw cycles.  This method resulted 
in the highest extraction of phycocyanin, while minimizing the co-extraction of chlorophyll.  The 
process also enables the extraction of the many filtered cyanobacterial samples necessary for an 
extensive field monitoring program (Pavlac, this work, Chapter 3). 
Reliable extracted pigment data are one component of a functional calibration curve.  The 
other is a consistent fluorescence response, or how much fluorescence is measured versus the 
intracellular pigment concentrations.  The biological causes of variability in pigment 
fluorescence are the most difficult to correct in a flow-through and in situ monitoring program.  
A single cell can have a varying fluorescent response depending on nutrient limitation (Kiefer, 
1973), photoinhibition (Dandonneau and Neveux, 1997), or changes in pigment concentration 
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due to photoacclimation (Lutz et al., 2003).  Intercellular variations in fluorescence arise from 
differences in cell size (Loftus et al., 1972) and pigment composition (Vincent, 1983).  Post-
deployment calibration curves provide some correction for these factors by comparing the in situ 
fluorescence to actual pigment concentrations at the time of sampling.  But these curves cannot 
account for the varying fluorescent response of different algal groups.  The inclusion of multiple 
algal types in single calibration curve can significantly impact the resulting regression.  Our 
studies found that cyanobacterial chlorophyll, in particular, fluoresced on average 15-fold less 
than the chlorophyll from other algal groups when using traditional single-wavelength 
chlorophyll fluorometers (Pavlac, this work, Chapter 4).  Their inclusion in calibration curves 
with other algal groups led to severely decreased predictive power of the regression and 
increased scatter in the data. 
Accurately assessing cyanobacterial biomass is critical to monitoring harmful algal 
blooms.  Monitoring efforts that employ in vivo chlorophyll fluorescence must incorporate a 
correction factor for the significantly lower fluorescent response of the cyanobacteria.  Our 
studies determined that there are two viable options, depending on the type of chlorophyll 
fluorometer in use.  The first solution applies to in vivo chlorophyll fluorescence measurements 
collected with traditional single-wavelength excitation sources.  The resulting data sets can be 
separated into two separate regressions: (1) cyanobacteria and (2) non-cyanobacteria.  In the 
absence of (time-consuming) microscopic identifications, this separation can be accomplished by 
using in vivo phycocyanin fluorescence as a proxy for cyanobacterial biomass.  With laboratory 
culture samples, this division of samples led to more linear regressions for all of the single-
wavelength chlorophyll fluorometers tested.  These dual regression calibration curves are 
therefore a better representation of the relationship between in vivo fluorescence and extracted 
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chlorophyll concentrations for data sets containing multiple phytoplankton types (Pavlac, this 
work, Chapter 4). 
This calibration method is also applicable for field sampling, as demonstrated with the 
seven lake-wide sampling cruises we conducted on Lake Ontario between 2007 and 2010 
(Pavlac, this work, Chapter 6).  In vivo pigment fluorescence was measured continuously with a 
flow-through system, and discrete samples were collected periodically for pigment extraction.  
Calibration curves were created for each cruise by plotting in vivo chlorophyll fluorescence 
against the extracted chlorophyll concentrations from discrete samples collected at the sampling 
stations.  The effectiveness of the calibration curves was checked using a separate set of discrete 
samples collected from the system outflow.  The extracted chlorophyll concentrations of the 
system samples were compared to the predicted chlorophyll concentrations as calculated using 
the calibration regression(s).  Splitting the calibration curve into two regressions was the more 
accurate option for data sets that contained a high number of cyanobacterial samples (Pavlac, this 
work, Chapter 6).  This method is recommended for fluorescent sampling in late summer 
(August/September), when cyanobacteria growth is common. 
Multi-wavelength excitation for chlorophyll fluorescence is also a viable alternative to 
correct for group-specific variability in the fluorescent response of chlorophyll.  The 
FluoroProbe and Algae Online Analyser from bbe Moldaenke utilize multiple wavelengths to 
alternately excite chlorophyll a and accessory pigments, including phycocyanin, characteristic to 
one of four broad algal groups (chlorophyte, cyanobacteria, heterokont, and cryptophyte).  The 
provided software deconstructs the combined fluorescence signals to calculate a corresponding 
extracted chlorophyll concentration (Beutler, 2002).  We evaluated the bbe FluoroProbe with a 
variety of laboratory cultures from all four algal groups.  The chlorophyll calibration curves were 
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strongly linear (r2 > 0.80), even with the cyanobacterial samples included (Pavlac, this work, 
Chapter 4).  The ability to use a single regression per data set makes the bbe FluoroProbe (and 
similar multi-wavelength instruments) a good choice for environmental fluorescent monitoring.  
The FluoroProbe also has the advantage of providing a “yellow-offsets” calibration to correct for 
false positives caused by high CDOM levels (Pavlac, this work, Appendix A). 
However, there are some limitations to its application.  The chlorophyll concentrations as 
calculated by the FluoroProbe do not agree with actual extracted concentrations (Pavlac, this 
work, Chapters 4 and 6).  It is therefore always important to calibrate FluoroProbe readings with 
discrete samples for an accurate representation of pigment concentrations.  There are also issues 
with sensitivity at low pigment concentrations.  At average chlorophyll concentrations below 0.5 
µg/L, the calibration curves for the bbe FluoroProbe were less predictive than those for the other 
chlorophyll fluorometers.  Finally, the algal identifications as determined by the bbe FluoroProbe 
are not consistent with microscopic determinations and known patterns in phytoplankton 
progression.  False positives for cryptophyte chlorophyll were common in both culture (Pavlac, 
this work, Chapter 4) and field studies (Pavlac, this work, Chapter 6).  CDOM may be 
contributing to this error (Pavlac, this work, Appendix A).  The “yellow-substance” calibration is 
currently determined by measuring the fluorescent signature of filtrated water.  Considering the 
variable distribution and structure of CDOM in vivo, this calibration is not applicable for flow-
through monitoring.  Future work should focus on incorporating the CDOM correction into the 
total chlorophyll calculations performed by the FluoroProbe software. 
Post-deployment calibration is mandatory for the accurate quantitation of phytoplankton 
biomass with pigment fluorescence.  These calibration efforts require careful consideration 
before, during, and after deployment.  Before deployment, it is important to choose a fluorometer 
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that is suitable to the sampling conditions.  Multi-wavelength fluorometers such as the bbe 
FluoroProbe are optimal for waters that have a large proportion of cyanobacteria.  Other 
fluorometers such as the Turner Designs AlgaeWatch are more appropriate for waters with low 
pigment concentrations.  During deployment, the selected chlorophyll fluorometer cannot simply 
be incorporated into a flow-through system and allowed to collect measurements unmonitored.  
Discrete samples must be collected regularly for validation.  Larger data sets (>30 samples) with 
wide pigment ranges (including samples >1 µg/L chlorophyll) increase the linearity and 
predictive ability of the calibration regressions.  After deployment, calibration curves may need 
to be split to account for the lower fluorescent response of cyanobacteria. 
Despite the limitations, both single-wavelength and multi-wavelength chlorophyll 
fluorometers can successfully be incorporated into a flow-through system to map the distribution 
of phytoplankton in a large freshwater body.  We deployed a flow-through system composed of 
both types of fluorometers in multiple cruises on Lake Ontario.  In the nearshore zone, the 
system was sensitive enough to allow fine-scale mapping of algal maxima near the thermal front 
and river outlets (Pavlac, this work, Chapter 5).  In the offshore, fluorescence measurements 
illustrated the patchy distribution of phytoplankton biomass throughout the lake (Pavlac, this 
work, Chapter 6).  Continuous measurements collected using a flow-through system are more 
detailed and capable of a more broad geographical coverage than traditional discrete sampling.  
This makes flow-through in vivo pigment fluorescence a valuable tool for phytoplankton 
monitoring programs looking to track the long-term and widespread effects nutrient loading, 
nutrient cycling by dreissenids, and climate change. 
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Appendix A 




Measurements of in vivo pigment fluorescence can vary due to both instrumental 
limitations and cellular differences.  In these experiments, the variability introduced by these 
factors was evaluated for several commercially available fluorometers that measure chlorophyll 
and phycocyanin.  Instruments were calibrated with cultures of either Chlorella vulgaris, a 
chlorophyte, for chlorophyll or Microcystis aeruginosa, a cyanobacterium, for phycocyanin.  
Rhodamine WT dye was investigated as a secondary standard.  Measurements of Rhodamine 
WT dye showed a strong (r2 > 0.95) linear response during both injection and flow-through 
conditions.  Under constant flow rates, fluorescence measurements of drinking water were stable 
over multiple days.  Greater variability (outlying measurements) was observed in instruments 
with smaller flow-cell sizes such as the Turner Designs AlgaeWatch, CyanoWatch, and 10AU.  
Flow rate displayed an inverse relationship with the measured fluorescence of algal cultures.  
Flow rates below 1 L/min lengthened the residence time and caused fluorescence readings that 
were statistically higher by 35%.  Changes in flow-rate above this cut-off did not induce 
significant variation.  Addition of chromophoric dissolved organic matter (CDOM) to culture 
samples in concentrations of 16 QSU and above led to a false positive in the pigment 
fluorescence. Overestimation of chlorophyll was particularly an issue with cyanobacterial 
samples.  Errors in chlorophyll and phycocyanin measurements were linked to Microcystis 
samples with low pigment concentrations (<7 µg/L chlorophyll a; <1 µg/L phycocyanin).  Multi-
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wavelength excitation in the bbe FluoroProbe, when paired with a yellow substance calibration, 
allowed for some correction of the CDOM-induced false-positives.  Overestimations of the 
chlorophyll in Microcystis samples with low pigment concentrations (<2 µg/L chlorophyll a) fell 
from a factor of 2.23 to 1.48 at >70 QSU CDOM.  The CDOM correction did not guarantee a 
correct species identification.  In all solutions, there was still a percentage (up to 24%) of the 
culture’s chlorophyll incorrectly assigned as being cryptophyte.  This percentage increased with 
increasing CDOM for the Microcystis solutions. 
 
 
A.2 General Methods and Materials 
A.2.1 Instrumentation 
Instrument specifications are presented in Table A.1.  The fluorometers being evaluated 
in these experiments measured either in vivo chlorophyll or in vivo phycocyanin.  Instruments 
used for total chlorophyll measurements included a Turner Designs AlgaeWatch, a Hydrolab 
DS5X Sonde, and a bbe FluoroProbe.  Besides measuring total chlorophyll, the bbe Fluorometer 
also employed multi-wavelength excitation of algal chlorophyll to categorize the subsequent data 
according to four algal groups: chlorophytes, cyanobacteria, heterokonts (including diatoms, 
dinoflagellates, chrysophytes, and a few others), and cryptophytes (including phycoerythrin-rich 
cyanobacteria).  The cyanobacterial channel was used as an indication of phycocyanin 
concentrations.  The other phycocyanin fluorometers tested included a Turner Designs 
CyanoWatch and a Hydrolab DS5X Sonde.  Finally, CDOM levels were determined using a 
Turner Designs 10AU fluorometer. 
The chlorophyll sensors on the AlgaeWatch and Hydrolab were calibrated with a sample 
of Chlorella vulgaris culture diluted in ASM media, whose extractable chlorophyll-a 
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concentration had been determined fluorometrically (Welschmeyer, 1994).  The phycocyanin 
sensors on the CyanoWatch and Hydrolab were calibrated using a sample of Microcystis 
aeruginosa culture diluted with BG-11 media, whose extractable phycocyanin concentration had 
been determined using a Turner Designs 10AU fluorometer as described below.  A secondary 
calibration was performed using Rhodamine WT dye that had been standardized against the 
cultures.  The 10AU was calibrated with quinine sulfate in 0.05 M H2SO4.  Concentrations from 
the fluorometer were read in quinine sulfate units (QSU) equivalent to µg/L of quinine sulfate. 
The bbe FluoroProbe was not calibrated with algal cultures because the instrument is 
equipped with standardized calibration parameters.  It was blanked using Millipore water (18 
MΩ).  In certain experiments, the FluoroProbe was also calibrated using a yellow substance 
calibration with an ultra-filtrated water sample (see A.6.1).  FluoroProbe measurements were 
converted to chlorophyll concentrations with the provided FluoroProbe Software (version 1.9.7, 
2005).  The average fluorescence spectra (or “norm spectra”) for the algal groups were created 




Cultures were selected based on their primary photosynthetic pigment.  Chlorophyll 
fluorescence was assessed using a Chlorella vulgaris culture grown in an ASM medium 
(McLachlan, 1961).  Phycocyanin fluorescence was determined using a sample of Microcystis 
aeruginosa (either UTEX LB2061 or 2386 depending on availability) culture grown in BG-11 
(ATCC). 
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A.2.3 Pigment extraction 
Discrete samples collected for pigment quantification were filtered immediately onto 
Nucleopore 47-mm diameter 1-µm pore size polycarbonate filters in duplicate and stored at -
20°C until extraction.  Chlorophyll filters were extracted in 90% acetone with 1-hour bath 
sonication.  After extraction for 2 h in the dark at 4°C, in vitro chlorophyll a concentrations were 
determined on a Turner Designs TD-700 fluorometer equipped with 436 nm (excitation) and 680 
nm (emission) filters (Welschmeyer, 1994).  Samples for phycocyanin were extracted in 10 mM 
phosphate buffer (pH 6.8) using three freeze-thaw cycles (Pavlac, this work, Chapter 3).  After 
centrifugation, phycocyanin concentrations were determined on a Turner Designs 10AU 
fluorometer equipped with 577 nm (excitation) and 660 nm (emission) filters (Konopko 2007). 
 
A.2.4 Data analysis 
Data were evaluated by comparing the fluorescent response of the fluorometers under the 
various conditions.  For some analyses, the fluorescent response was calculated by dividing the 
fluorometer reading in relative fluorescence units (RFU) by the pigment concentration.  
SigmaPlot 13 was used for statistical analysis, including linear regression analysis, t-tests, and 
One Way Repeated Measures ANOVA.  Post-hoc comparisons were conducted using the Holm-
Sidak method, with a significance level of p<0.05. 
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Table A.1 Instrument specifications for the in vivo fluorometers evaluated. 















690-710 0 – 200 µg/L 0 – 400 µ/L 
Hydrolab DS5X 
Sonde chlorophyll 460 620-715 0 – 500 µg/L 0 – 500 µ/L 
Turner Designs 
CyanoWatch phycocyanin <595 630-750 
0 – 5x104 
cells/mL 0 – 999 RFU 
Hydrolab DS5X 
Sonde** phycocyanin 590 650 
0 – 2 x106 
cells/mL 
0 – 2 x106 
cells/mL 
Turner Designs 
10AU CDOM 310-390 410-600 0 – 200 µg/L 0 – 999 RFU 
      *FluoroProbe cyanobacteria channel was correlated to extracted phycocyanin concentrations. 
**Hydrolab sensor is intended to measure cyanobacteria according to cell number.  Here, the 
sensor was correlated to extracted phycocyanin.  
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A.3 Evaluation of linearity of fluorometers using Rhodamine WT dye 
A.3.1 Methods 
A stock solution was prepared by diluting Rhodamine WT (Organic Dyestuffs 
Corporation, East Providence, RI) in Millipore water (18 MΩ).  The stock was then serially 
diluted to prepare 14 standard solutions.  The absorbance of these standards was measured in 
triplicate at 550 nm (l = 1 cm) (Melton and Lipp, 2003) on a single-beam UV/VIS 
spectrophotometer (Milton Roy Spectronic 3000 Array).  
The Rhodamine WT standards were measured in the Turner Designs AlgaeWatch and 
CyanoWatch in a random order.  Solutions were injected by syringe in triplicate into the 
fluorometers and allowed to sit for 1 min while the instruments logged every second.  The 
solutions were then also pumped through the fluorometers at an average rate of 1.3 L/min using a 
Manistat peristaltic pump.  Each solution was run through the system for 7 min, with the 




The linearity of the AlgaeWatch was evaluated with Rhodamine WT solutions that had 
an absorbance at 550 nm ranging from 0.002 to 0.938.  When these solutions were injected into 
the fluorometer, the response was strongly linear across the full range of the AlgaeWatch 
readings, with an r2 of 1.00 (Figure A.1).  When the Rhodamine WT solutions were pumped 
through the instruments, the results were very similar to those for Rhodamine injection.  Across 
the full AlgaeWatch range, the response was again strongly linear, with an r2 of 1.00 (Figure 
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A.2).  A t-test showed no statistically significant difference between the flow-through and 
injection data sets.  
The linearity of the CyanoWatch fluorometer was evaluated with Rhodamine WT 
solutions that had an absorbance at 550 nm ranging from 0.002 to 0.012.  The CyanoWatch had a 
response 55 times higher than the AlgaeWatch.  Rhodamine solutions with an absorbance higher 
than 0.020 caused the fluorometer to be saturated and were not included in the regression.  Both 
the injection (Figure A.3) and flow (Figure A.4) methods produced linear results over the tested 
range (r2 of 0.970 for injection and 0.964 for flow, respectively).  There was no statistically 
significant difference between the flow and injection data. 
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Figure A.1 Linearity of the injected Rhodamine WT dye response in the Turner Designs 
AlgaeWatch fluorometer.  Absorbance of the Rhodamine WT was measured in triplicate at 550 
nm to determine concentration.  Each point represents the average AlgaeWatch reading (in RFU) 
recorded for 1 min after injection.  Error bars (y-axis) are the standard deviations of the average 
AlgaeWatch Reading and may be smaller than the data symbol diameter.  The line is the best-fit 
of the linear regression analysis.  Bolded coefficients are significant (p< 0.050).  
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Figure A.2 Linearity of the flow-through Rhodamine WT dye response in the Turner Designs 
AlgaeWatch fluorometer.  Absorbance of the Rhodamine WT was measured in triplicate at 550 
nm to determine concentration.  Each point represents the average AlgaeWatch reading (in RFU) 
recorded for 7 min at a flow rate of 1.3 L/min.  Error bars (y-axis) are the standard deviations of 
the average AlgaeWatch Reading and may be smaller than the data symbol diameter.  The line is 















Figure A.3 Linearity of the injected Rhodamine WT dye response in the Turner Designs 
CyanoWatch fluorometer.  Absorbance of the Rhodamine WT was measured in triplicate at 550 
nm to determine concentration.  Each point represents the average CyanoWatch reading (in 
RFU) recorded for 1 min after injection.  Error bars (y-axis) are the standard deviations of the 
average CyanoWatch Reading and may be smaller than the data symbol diameter.  The line is the 















Figure A.4 Linearity of the flow-through Rhodamine WT dye response in the Turner Designs 
CyanoWatch fluorometer.  Absorbance of the Rhodamine WT was measured in triplicate at 550 
nm to determine concentration.  Each point represents the average CyanoWatch reading (in 
RFU) recorded for 7 min at a flow rate of 1.3 L/min.  Error bars (y-axis) are the standard 
deviations of the average CyanoWatch Reading and may be smaller than the data symbol 
diameter.  The line is the best-fit of the linear regression analysis.  Bolded coefficients are 
significant (p< 0.050). 
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A.4 Evaluation of fluorometer stability 
A.4.1 Methods 
All five fluorometers (Table A.1) were connected in series.  The flow-through 
instruments were connected by hose, and the bbe FluoroProbe was submerged in an optically 
dark flow-through enclosure (3000 mL) at the end of series.  Drinking water was collected from 
the laboratory faucet into a tank and then pumped through the system using a submersible Little 
Giant Pump for 6 days.  The flow rate was checked daily and varied between 4.3 and 4.6 L/min.  
The instruments were set to log every minute.  The scale in relative fluorescence units (RFU) 
was instrument-specific (Table A.1). 
 
A.4.2 Results 
Over the course of six days, the AlgaeWatch readings of drinking water varied between 
0.03 and 0.35 RFU (Figure A.5A).  The stability of the readings was impacted by the varying 
flow rates.  Although the system was started at 4.6 L/min, a kink in the input line gradually 
developed over the course of the first two days, causing the flow to drop to 4.3 L/min.  When this 
kink was straightened after 48 h, there was a 41% decrease in the AlgaeWatch readings from 
0.27 to 0.16 RFU.  Throughout the experiment, the CyanoWatch readings ranged from -1.39 to 
2.84 RFU (Figure A.5.B).  A 29% decrease in fluorometer measurements (from 1.1 to 0.78 RFU) 
was observed after 48 h. 
There were similar patterns in the Hydrolab measurements (Figure A.6).  The Hydrolab 
chlorophyll readings ranged from 0 to 0.06 RFU.  The lowest readings were obtained when the 
flow rate was highest: at the beginning of the experiment and in the middle (Figure A.6A).  
There was a 30% decrease from 0.03 to 0.02 RFU at 48 h.  The Hydrolab’s phycocyanin 
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readings were generally variable throughout the experiment (Figure A.6B) and had a wide range 
between 0 and 137 RFU.  The average phycocyanin measurement did decrease from 5.8 to 3.2 
(45%) around 48 h.  There was also a minimum at 72 h.  The 10AU readings, which ranged from 
8.12 to 12.2 QSU, also varied with flow rate (Figure A.7).  There was a noticeable increase for 
the first two days as the flow rate slowed, and the fluorescence measurements decreased 29% 
from 12.0 to 8.5 RFU at 48 h once the kink in the hose had been fixed. 
The only parameter unaffected by the flow rate change was the FluoroProbe’s total 
chlorophyll measurements. The FluoroProbe Total Chlorophyll (Figure A.8) measurements were 
the most constant of all the instrument readings.  Chlorophyll readings had a maximum of 0.50 
µg/L at the start of the experiment.  The readings quickly decreased down to the instrument-
minimum of 0 µg/L for the entire rest of the test, except for a few outliers as the kink in the 
system was adjusted.  Data for the cyanobacterial FluoroProbe channel are not shown because 
they are identical to the total chlorophyll measurements (Figure A.8). 
In order to correct for the variability associated with flow rate changes, the stability of the 
fluorometers was only compared during the last two days of the experiment, starting at 96 h.  
The resulting comparative data are presented in Figures A.9 and A.10.  The FluoroProbe 
displayed the greatest stability during this time period due to a constant 0 µg/L reading (Figure 
A.9).  The majority of the Hydrolab measurements were also consistently near the median 
(Figure A.9 and A.10).  The Turner Designs AlgaeWatch (Figure A.9), CyanoWatch, and 10AU 
(Figure A.10) displayed the greatest variability, with a large number of outliers both above and 





















Figure A.5 AlgaeWatch (A) and CyanoWatch (B) readings of drinking water pumped from a 
























Figure A.6 Hydrolab chlorophyll (A) and phycocyanin (B) readings of drinking water pumped 
from a tank through the instrument at speeds between 4.3-4.6 L/min for 6 days.  The Hydrolab 
chlorophyll measurements only had two decimal places.  Due to the high frequency of sampling, 
















Figure A.7 10AU CDOM readings of drinking water pumped from a tank through the 





















Figure A.8 FluoroProbe total chlorophyll measurements (in µg/L) of drinking water pumped 
from a tank through the instrument enclosure at speeds between 4.3-4.6 L/min for 6 days. 
  
 






















Figure A.9 Comparison of the fluorescence readings of the three chlorophyll fluorometers: the 
Turner Designs AlgaeWatch (AW), the Hydrolab Sonde (HL CHL), and the bbe FluoroProbe 
(FP).  Data are presented from the last 2 days of the experiment, from 96-144 h.  The outer 
bounds of each box represent the 75th and 25th percentile, with the whiskers at the 90th and 10th 















Figure A.10 Comparison of the fluorescence readings of (A) the two phycocyanin fluorometers: 
the Turner Designs CyanoWatch (CW), the Hydrolab Sonde (HL PC).  The data from the 
Hydrolab Sonde were divided by 100 to correspond to the left y-axis.  Fluorescence 
measurements were also recorded with (B) the Turner Designs 10-AU configured for CDOM 
analysis.  These correspond to the right y-axis.  Data for all fluorometers are presented from the 
last 2 days of the experiment, from 96-144 h.  The outer bounds of each box represent the 75th 
and 25th percentile, with the whiskers at the 90th and 10th percentile.  A line is drawn at each 
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A.5 Evaluation of flow rate effect on fluorescence measurements 
A.5.1 Methods 
Fluorometers were connected in series.  For the lower flow rates, algal samples were 
pumped through the uncalibrated AlgaeWatch and CyanoWatch using a Manistat peristaltic 
pump.  Low flow rates were evaluated using two different samples of Chlorella vulgaris, 
corresponding to extracted chlorophyll concentrations of 37.0 ± 0.8 µg/L (A) and 74.2 ± 27.7 
µg/L (B).  Flow rates were varied between 0.1 and 3.1 L/min.  To account for possible cell 
destruction, flow rates were first increased to the maximum flow rate and then decreased back 
down to 0.1 L/min.  The system was allowed to measure each sample for between 3-12 min, 
allowing the system to recirculate least 10 times. 
Five fluorometers were evaluated at higher flow rates: the Turner Designs AlgaeWatch 
and CyanoWatch, the Hydrolab, the FluoroProbe, and the 10AU.  Higher flow rates were 
evaluated using a diluted culture of Microcystis aeruginosa LB2061, with extracted pigment 
values of 34.4 ± 0.6 µg/L chlorophyll and 106 ± 9 µg/L phycocyanin.  The algal sample was 
pumped through pre-calibrated instruments using two Little Giant submersible pumps connected 
with a Y-valve. The instruments were connected in series, and the bbe FluoroProbe was 
submerged in an optically dark flow-through enclosure (3000 mL) at the end of series.  Flow 
rates varied between 0.0 and 6.0 L/min.  The system was started at 5.5 L/min and then steadily 
decreased down to 1.9 L/min.  As a check, the flow rate was increased back to 6.0 L/min at the 
end of the experiment.  The system was allowed to measure each sample for between 25-30 min.  
Readings were also periodically taken at 0.0 L/min, where the algal sample was allowed to sit in 
the fluorometers for several min.   
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A.5.2 Results 
A.5.2.a Low flow rates 
The effect of flow rate was first evaluated between 0.1 and 3.1 L/min with two different 
algal concentrations.  For both samples, the AlgaeWatch and CyanoWatch showed very similar 
responses.  With the lower chlorophyll concentration (Sample A), fluorescence readings at the 
slowest flow rate (0.1 L/min) were the highest for every trial (Figure A.11A).  As the flow rate 
increased incrementally, there was an inverse effect on the fluorometer reading.  Both the 
AlgaeWatch and CyanoWatch readings decreased nonlinearly and then began to level off after 
approximately 0.92 L/min and held steady through the higher flow rates.  This effect was 
observed both when the flow rate was increased and then subsequently decreased.  At 3.1 L/min, 
the average fluorescence reading for the AlgaeWatch was only 70.1% of the initial average 
reading.  The CyanoWatch readings showed as similar pattern, with the final average reading 
being 74.9% of the average initial reading. 
The effect of flow rates between 0.10 and 3.1 L/min on the higher chlorophyll (Sample 
B) did not follow the same pattern.  The highest fluorometer readings were recorded at the 
lowest flow rate for all trials (Figure A.11B).  At higher flow rates, however, the results 
diverged.  As the flow rate was initially increased, the fluorescence readings leveled off at 0.92 
L/min, with an additional slight decrease of 2.01 L/min.  For the AlgaeWatch fluorometer, the 
final fluorescence reading at 3.1 L/min was 85.2% of the reading at 0.10 L/min.  For the 
CyanoWatch fluorometer, the final fluorescence reading at 3.1 L/min was 73.4% of the initial 
reading. 
When flow rates were decreased back to the starting speed, there was a dramatic change 
in fluorescence.  On the AlgaeWatch, the reading at 2.7 L/min was already much lower than the 
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previous measurement at the same flow rate.  As the flow was decreased, the fluorescence 
steadily climbed to reach a maximum at 0.1 L/min.  The lowest measurement in the downward 
direction was 63.9% of the highest reading.  The CyanoWatch readings showed a similar pattern.  
Readings collected as the flow rate was decreased were lower than those previously collected.  
There was some leveling above 2.01 L/min.  However, readings did increase as the flow rate 
decreased.  The lowest reading (at 2.7 L/min) was also only 63.0% of the reading at 0.1 L/min. 
 
A.5.2.b High flow rates 
The effect of flow rate was also evaluated between 0.0 L/min and 6.0 L/min.  For all 
instruments, the stationary readings were the highest.  The measurements at 0.0 L/min also 
increased over the course of the experiment; each subsequent stationary reading was higher than 
the last for almost all fluorometers.  The highest measurements under flowing conditions were 
recorded at the slowest flow rate (1.9 L/min). 
The fluorometers measuring chlorophyll were most impacted by flow rate.  The 
AlgaeWatch (Figure A.12A) showed the largest change.  At 5.5 L/min, AlgaeWatch fluorometer 
readings were initially 4.82 RFU, 77.1% of the maximum reading at 1.9 L/min.  However, the 
out-of-sequence measurements taken at 6.0 L/min were much higher (5.52 RFU) than any of the 
previous measurements taken under flowing conditions.   The average reading at 6.0 L/min was 
not significantly different from readings taken between 2.0 and 2.6 L/min.  When the data were 
arranged in order of sample taken, there was a corresponding increase in fluorescence with time.  
This increased fluorescence over time was attributed to cellular stress.  The same phytoplankton 
culture was circulated through the tank for the entirety of the experiment.  Prolonged shear stress 
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through constant circulation could have decreased photosynthetic rates and thereby increased 
fluorescence. 
A similar stress effect was observed in the FluoroProbe Total Chlorophyll measurements 
(Figure A.13).  The earliest sample at 5.5 L/min had a chlorophyll reading of 38.18 µg/L, which 
was 87.8% of the maximum at 1.9 L/min.  For the last sample at 6.0 L/min, chlorophyll 
measurements increased to 45.34 µg/L.  In comparison to all the instruments measuring 
chlorophyll, the Hydrolab (Figure A.14A) displayed the smallest changes corresponding to flow 
rate and sample order.  Only the measurements at 1.9 L/min and 6.0 L/min were significantly 
higher, while the rest of the readings were statistically similar. 
Unlike the AlgaeWatch and FluoroProbe, the fluorometers measuring phycocyanin 
fluorescence were more consistent with both flow rate and sample order.  Except for the high 
reading at 1.9 L/min, the CyanoWatch measurements (Figure A.12B) were fairly steady up 
through 5.5 L/min, with only a statistically insignificant increase at 6.0 L/min.  The Hydrolab 
phycocyanin readings (Figure A.14B) were also highest at 1.9 L/min.  While there was slight 
decrease between 2.3 and 2.6 L/min, the other readings up through 6.0 L/min were constant and 
statistically similar. 
In addition to pigment fluorescence, temperature and CDOM (Figure A.15) were also 
monitored during the course of the experiment.  Running the same sample constantly through the 
system caused the temperature to increase by 4.03°C from beginning to end.  The CDOM levels 
in the sample also increased after the first few measurements, finally leveling off near the end of 
the experiment. 
  

















Figure A.11 Effect of flow rates up to 3.1 L/min on AlgaeWatch (AW) and CyanoWatch (CW) 
fluorometer readings.  Chlorella vulgaris culture samples with extracted chlorophyll 
concentrations of 37.0 ± 0.8 µg/L (A) and 74.2 ± 27.7 µg/L (B) were pumped through both 
instruments.  Flow rates were first increased (“Increasing”) up to 3.1 L/min and then decreased 
(“Decreasing”) back down to 0.1 L/min.  Each point represents the average fluorescence reading 
over 3-12 min at the same flow.  Error bars in the y-axis represent the standard deviation and 
may be smaller than the data symbol diameter. 
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Figure A.12 Effect of flow rates up to 6.0 L/min on AlgaeWatch (A) and CyanoWatch (B) 
fluorometer readings.  A culture of Microcystis aeruginosa LB2061 (34.4 ± 0.6 µg/L in vitro 
chlorophyll and 106 ± 9 µg/L in vitro phycocyanin) was pumped through the instrument.  Flow 
rates started at 5.5 L/min and were decreased to 1.9 L/min.  A final reading was taken at 6.0 
L/min.  Each point represents the average fluorescence reading over 25-30 min at the same flow.  















Figure A.13 Effect of flow rates up to 6.0 L/min on the bbe FluoroProbe total chlorophyll 
measurements.  A culture of Microcystis aeruginosa LB2061 (34.4 ± 0.6 µg/L in vitro 
chlorophyll and 106 ± 9 µg/L in vitro phycocyanin) was pumped through the instrument.  Flow 
rates started at 5.5 L/min and were decreased to 1.9 L/min.  A final reading was taken at 6.0 
L/min.  Each point represents the average fluorescence reading over 25-30 min at the same flow.  






















Figure A.14 Effect of flow rates up to 6.0 L/min on the Hydrolab fluorometer chlorophyll (A) 
and phycocyanin (B) readings.  A culture of Microcystis aeruginosa LB2061 (34.4 ± 0.6 µg/L in 
vitro chlorophyll and 106 ± 9 µg/L in vitro phycocyanin) was pumped through the instrument.  
Flow rates started at 5.5 L/min and were decreased to 1.9 L/min.  A final reading was taken at 
6.0 L/min.  Each point represents the average fluorescence reading over 25-30 min at the same 














Figure A.15 CDOM and temperature measurements taken during the course of the flow rate 
experiment.  Each point represents the average reading over 25-30 min at the same flow.  Error 
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A.6 Evaluation of CDOM effect on fluorescence measurements 
A.6.1 Methods 
The effect of CDOM levels on pigment fluorescence was evaluated for all four pigment 
fluorometers.  Cultures of both Chlorella vulgaris and Microcystis aeruginosa were diluted to 
estimated pigment concentrations of 2 and 10 µg/L using ASM media and filtered CDOM-rich 
lake water from Lake Neatahwanta, NY.  The lake water was sequentially filtered through a 
Whatman 934AH 47-mm diameter glass microfiber filter (1.5 µm pore size) and a 47-mm 
diameter cellulose nitrate filter (0.45 µm pore size).  CDOM levels were quantified in the Turner 
Designs 10AU.  Algal samples at both high and low pigment concentrations were diluted to 
represent 5 estimated CDOM levels: 0, 15, 35, 55, and 75 QSU.  These values were chosen to 
represent the range of CDOM measurements observed during previous data-collection cruises on 
Lake Ontario (Pavlac, this work, Chapters 5 and 6). 
The prepared algal samples were measured in each pigment fluorometer in order of 
increasing CDOM.  Sub-samples of each algal sample were filtered in duplicate onto Nucleopore 
47-mm diameter (1-µm pore size) polycarbonate filters for chlorophyll and phycocyanin 
extraction.  The remainder of each algal sample was filtered through a 47-mm diameter cellulose 
nitrate filter (0.45 µm pore size).  The filtrate from each algal sample was measured in the bbe 
FluoroProbe to produce an offset (yellow substance) calibration.  Each yellow substance 
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A.6.2 Results 
A.6.2.a Pigment concentrations 
The extracted chlorophyll a concentrations for the two Chlorella vulgaris dilutions 
averaged 5.90 ± 0.66 µg/L (Chlorella Low) and 22.1 ± 1.8 µg/L (Chlorella High).  The two 
Microcystis aeruginosa dilutions averaged 1.50 ± 0.06 µg/L (Microcystis Low) and 7.27 ± 0.39 
µg/L (Microcystis High) for extracted chlorophyll a, with average extracted phycocyanin 
averages of 0.29 ± 0.27 and 12.19 ± 3.73 µg/L, respectively. 
 
A.6.2.b Fluorometer responses 
The effect of CDOM on fluorescence measurements was evaluated by comparing the 
fluorescent response of each algal sample at different CDOM levels.  On both the AlgaeWatch 
(Figure A.16) and the Hydrolab (Figure A.17), the fluorescent chlorophyll response of the 
Chlorella samples was much higher than for the Microcystis samples.  According to One Way 
Repeated Measures ANOVA, the fluorescent response of the Chlorella samples did not 
significantly change with increasing CDOM levels.  In contrast, the fluorescent response of the 
Microcystis samples in both chlorophyll fluorometers showed a steady and statistically 
significant (p < 0.050) increase with the CDOM addition.  Chlorophyll fluorescent response on 
the AlgaeWatch increased 79% for the high Microcystis sample and 130% for the low 
Microcystis sample between 0 and 80 QSU of CDOM.  On the Hydrolab, where the 
measurements were much smaller, there was an even larger percentage increase over the same 
CDOM range.  The high Microcystis sample had a 110% increase in the fluorescent response, 
while the low sample showed a 510% increase. 
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The fluorescent responses of the phycocyanin fluorometers are presented in Figures A.18 
and A.19.  Fluorescence measurements of the higher Microcystis sample showed no statistically 
significant change with increasing CDOM levels on either the CyanoWatch or the Hydrolab.  
The lower Microcystis sample had a higher fluorescent response that also increased with added 
CDOM.  The fluorescent response increased 43% on the CyanoWatch and 109% on the 
Hydrolab between 0 and 80 QSU of CDOM. 
 
A.6.2.c FluoroProbe determinations 
FluoroProbe measurements of total chlorophyll were evaluated using both the deionized 
water and offsets (yellow substance) calibrations.  The chlorophyll measurement ratio, as 
determined with the deionized calibration, is presented in Figure A.20A.  In general, the 
FluoroProbe overestimated the chlorophyll content of all the algal samples, with a ratio closest to 
unity for the lowest CDOM levels.  As CDOM increased, there was a slight accompanying 
increase in the chlorophyll measurements as measured using the FluoroProbe relative to the 
extracted chlorophyll measurements.  The only statistically significant change was observed in 
the less dense Microcystis sample, whose fluorescent response increased 69% over the tested 
CDOM levels.  When the yellow substance calibration was applied (Figure A.20B), the 
chlorophyll measurement ratio decreased for all samples in comparison with the values 
calculated with the deionized water calibration.  The effect of increasing CDOM on the ratio was 
also decreased.  The lower Microcystis sample again showed a significant change, with a 29% 
increase in the measurement ratio. 
The phycocyanin ratio of the FluoroProbe’s cyanobacterial chlorophyll fluorescence 
signal versus extracted phycocyanin concentrations was also evaluated for both Microcystis 
  272 
samples (Figure A.21).  The ratio of cyanobacterial chlorophyll to extracted phycocyanin of the 
higher Microcystis sample was statistically similar for all CDOM levels.  There was also 
significant difference between the two different calibration methods.  For the lower Microcystis 
sample, there was a 41% increase in the fluorescent response when the deionized water 
calibration was employed.  The offset calibration values remained constant. 
The accuracy of the FluoroProbe’s group-specific chlorophyll identification was tested 
using the chlorophyte Chlorella and cyanobacterium Microcystis samples (Figures A.22 and 
A.23).  The correct identification of the low Chlorella sample as “chlorophyte” was affected by 
both CDOM levels and the calibration method.  With the deionized water calibration (no yellow 
substance correction), only the sample with the highest CDOM concentration showed a major 
deviation from the chlorophyte group, with 14.3% of the chlorophyll assigned to “heterokont” 
and 21.2% identified as “cryptophyte.”  With the yellow substance calibration, the low Chlorella 
sample displayed some percentages of groups other than chlorophyte at every CDOM 
concentration (Figure A.22).  Again, the sample with the highest CDOM had the largest 
deviation, with 23.5% “heterokont” and 7.01% “cryptophyte” chlorophyll.  The identification of 
the higher Chlorella sample was not affected by either CDOM or calibration type.  All 
measurements were at least 89% “chlorophyte” (the rest assigned as “cryptophyte”). 
Both Microcystis samples were identified by the bbe FluoroProbe software as being 
primarily “cyanobacteria” (Figure A.23).  As CDOM levels increased, the percentage incorrectly 
assigned as “cryptophyte” also increased, especially in the sample with the lower pigment 
concentrations (Figure A.23A).  With the deionized calibration, the % of “cryptophyte” in the 
low Microcystis sample increased from 1.2 to 23.9%.  Similarly, the percentages increased from 
0.1 to 23.3% with the yellow substance calibration.  The higher Microcystis sample displayed a 
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greater disparity between calibration methods.  The % “cryptophyte” of the sample chlorophyll 
ranged from 7.45% to 13.8% for the deionized calibration but only from 0.2 to 9.0% for the 
yellow substance calibration (Figure A.23B). 
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Figure A.16 Effect of increasing CDOM levels on the normalized chlorophyll fluorescent 
response of the AlgaeWatch fluorometer.  The fluorescent response was calculated by dividing 
the in vivo fluorescence measurements by the extracted chlorophyll concentrations of each 
culture sample.  The Chlorella vulgaris samples averaged extracted chlorophyll concentrations 
of 22.1 ± 1.8 µg/L (Chlorella High) and 5.90 ± 0.66 µg/L (Chlorella Low).  The Microcystis 
aeruginosa samples averaged extracted chlorophyll concentrations of 7.27 ± 0.39 µg/L 
(Microcystis High) and 1.50 ± 0.06 µg/L (Microcystis Low).  Each point represents the average 
of duplicate pigment samples.  Error bars in the y-axis represent the standard deviation and may 















Figure A.17 Effect of increasing CDOM levels on the normalized chlorophyll fluorescent 
response of the Hydrolab fluorometer.  The fluorescent response was calculated by dividing the 
in vivo fluorescence measurements by the extracted chlorophyll concentrations of each culture 
sample.  The Chlorella vulgaris samples averaged extracted chlorophyll concentrations of 22.1 ± 
1.8 µg/L (Chlorella High) and 5.90 ± 0.66 µg/L (Chlorella Low).  The Microcystis aeruginosa 
samples averaged extracted chlorophyll concentrations of 7.27 ± 0.39 µg/L (Microcystis High) 
and 1.50 ± 0.06 µg/L (Microcystis Low).  Each point represents the average of duplicate pigment 
samples.  Error bars in the y-axis represent the standard deviation and may be smaller than the 















Figure A.18 Effect of increasing CDOM levels on the normalized phycocyanin fluorescent 
response of the CyanoWatch fluorometer.  The fluorescent response was calculated by dividing 
the in vivo fluorescence measurements by the extracted phycocyanin concentrations of each 
culture sample.  The Microcystis aeruginosa samples averaged extracted phycocyanin 
concentrations of 12.2 ± 3.7 µg/L (Microcystis High) and 0.29 ± 0.27 µg/L (Microcystis Low).  
For the “High” culture, each point represents the average of duplicate pigment samples.  Error 
















Figure A.19 Effect of increasing CDOM levels on the normalized phycocyanin fluorescent 
response of the Hydrolab fluorometer.  The fluorescent response was calculated by dividing the 
in vivo fluorescence measurements by the extracted phycocyanin concentrations of each culture 
sample.  The Microcystis aeruginosa samples averaged extracted phycocyanin concentrations of 
12.2 ± 3.7 µg/L (Microcystis High) and 0.29 ± 0.27 µg/L (Microcystis Low).  For the “High” 
culture, each point represents the average of duplicate pigment samples.  Error bars in the y-axis 


















Figure A.20 Effect of increasing CDOM levels on the total chlorophyll ratio of the bbe 
FluoroProbe.  The ratio was calculated by dividing the total chlorophyll measurements (in µg/L) 
by the extracted chlorophyll concentrations (in µg/L) of each culture sample.  The total 
chlorophyll was determined with either the deionized calibration (A) or the yellow substances 
offset calibration (B).  The Chlorella vulgaris samples averaged extracted chlorophyll 
concentrations of 22.1 ± 1.8 µg/L (Chlorella High) and 5.90 ± 0.66 µg/L (Chlorella Low).  The 
Microcystis aeruginosa samples averaged extracted chlorophyll concentrations of 7.27 ± 0.39 
µg/L (Microcystis High) and 1.50 ± 0.06 µg/L (Microcystis Low).  Each point represents the 
average of duplicate samples.  Error bars in the y-axis represent the standard deviation and may 
be smaller than the data symbol diameter. 
 
 












Figure A.21 Effect of increasing CDOM levels on the cyanobacterial ratio of the bbe 
FluoroProbe.  The ratio was calculated by dividing the cyanobacterial chlorophyll measurements 
(in µg/L) by the extracted phycocyanin concentrations (in µg/L) of each sample.  The 
cyanobacterial chlorophyll was determined either with the deionized calibration (DI) or the 
yellow substances offset calibration (Y).  The Microcystis aeruginosa samples averaged 
extracted phycocyanin concentrations of 12.2 ± 3.7 µg/L (Microcystis High) and 0.29 ± 0.27 
µg/L (Microcystis Low).  For the “High” culture, each point represents the average of duplicate 
pigment samples.  Error bars in the y-axis represent the standard deviation and may be smaller 






















Figure A.22 Effect of increasing CDOM (QSU) and calibration method on chlorophyll 
assignments of Chlorella vulgaris samples by the bbe FluoroProbe.   The two samples had 
extracted chlorophyll a concentrations of 5.90 ± 0.66 µg/L (A) and 22.1 ± 1.8 µg/L (B).  Group-
specific identification of sample chlorophyll was determined using both the deionized (DI) and 
























Figure A.23 Effect of increasing CDOM (QSU) and calibration method on chlorophyll 
assignments of Microcystis aeruginosa samples by the bbe FluoroProbe.  The two samples had 
extracted chlorophyll concentrations of 1.50 ± 0.06 µg/L (A) and 7.27 ± 0.39 µg/L (B).  Group-
specific identification of sample chlorophyll was determined using both the deionized (DI) and 
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Appendix B: Station coordinates of cruise sampling stations 
 
Table B.1 Station coordinates for the Taste and Odor Cruises (2007-2010) 
 
Station Latitude Longitude 2007 2008 2009 2010 
1 43.3130 -79.7521 x x x x 
3 43.2683 -79.6207 x x x x 
5 43.4251 -79.6600 x x x x 
8 43.6286 -79.4517  x x  
9 43.5883 -79.3925 x   x 
10 43.6595 -79.2598 x x x  
12 43.5036 -79.3528    x 
15 43.3171 -79.4415 x x x x 
22 43.2967 -79.0058 x    
28 43.7710 -78.8555 x x  x 
29 43.8240 -78.8688 x x x x 
33 43.5967 -78.8017 x    
34 43.4617 -78.7597 x   x 
35 43.3599 -78.7305 x  x x 
46 43.8861 -77.6876 x x x  
48 43.8619 -77.5231 x    
55 43.4428 -77.4375 x x  x 
57 43.2791 -77.5915 x x x  
61 43.7853 -77.1575 x x x  
64 43.5257 -76.9265 x x x x 
66 43.3250 -76.9267 x x  x 
69 43.6061 -76.7133    x 
71 43.4775 -76.5283 x x x x 
75 43.8433 -76.3550 x    
77 43.9539 -76.4072 x x   
78 44.0835 -76.4071 x x x  
79 44.0750 -76.5217 x    
80 44.1342 -76.6092 x x   
81 44.0168 -77.6690 x x  x 
82 44.0667 -77.8072 x x  x 
83 43.9932 -77.8395 x x x x 
84 43.8852 -76.7333 x x x x 
85 43.7423 -79.0848 x x x  
86 43.2571 -79.1968 x  x  
88 43.5897 -76.4228 x x x  
89 43.6978 -76.4219 x x x x 
90 44.1350 -77.8218 x x x x 
95 43.3144 -77.0007 x x  x 
98 43.9331 -76.2328 x x   
100 44.1370 -76.3300 x  x  
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Station Latitude Longitude 2007 2008 2009 2010 
101 44.1933 -76.3100 x    
102 44.2032 -76.2368 x  x  
103 44.2022 -76.5414 x x x  
498  44.1520 -77.3367   x  
559 43.3700 -79.3531 x    
725 43.6362 -79.3563 x x x  
728 43.5563 -79.3862  x   
737 43.6081 -79.4292    x 
738 43.5629 -79.4327 x  x x 
739 43.4236 -79.2569 x   x 
740 43.3400 -79.1589 x   x 
741 43.2569 -79.0602 x  x  
742 43.3745 -78.1895 x x x x 
743 43.5238 -78.1886 x x  x 
744 43.6659 -78.1743 x x x x 
745 43.8067 -78.1740 x x   
746 43.9483 -78.1683 x x x x 
747 43.6331 -77.2917 x  x x 
750 43.5541 -79.5358   x x 
752 43.5004 -79.4890 x x  x 
753 44.2402 -76.2987 x  x  
754 44.2362 -76.4059 x  x  
756 43.2324 -79.4057 x x x x 
757 43.2158 -79.3340 x x x x 
826  44.1520 -77.2572   x  
1001 43.2911 -79.8372  x x x 
1183 43.4656 -76.5133 x x x x 
1185 44.2671 -76.1822 x  x  
1193 44.0598 -77.0870 x x x x 
1194 44.1070 -77.0302 x x x x 
1195 44.1006 -77.0739 x x x x 
1196 44.1759 -77.0457 x  x x 
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Table B.2 Station coordinates for the Lake Ontario Lower Food-Web Assessment (LOLA) 
Cruises (April-September 2008) 
 
Station Latitude Longitude April July September 
8 43.6233 -79.4534  x x 
9 43.5861 -79.3971  x  
12 43.5022 -79.3533 x x x 
17 43.2250 -79.2717 x x x 
19 43.3836 -79.2853 x x x 
38 43.3828 -77.9900 x x x 
39 43.4889 -77.9985  x  
40 43.5914 -78.0139 x x x 
41 43.7167 -78.0269 x x x 
42 43.8395 -78.0399  x  
43 43.9506 -78.0528 x x x 
49 43.7716 -77.4387  x  
62 43.8808 -76.9989 x x  
63 43.7329 -77.0167  x  
64 43.5250 -76.9272 x x x 
65 43.4250 -76.8822 x x  
66 43.3347 -76.8378 x x  
71 43.4769 -76.5264 x x x 
72 43.5504 -76.5264  x x 
74 43.7489 -76.5164 x x x 
80 44.1420 -76.6093  x x 
81 44.0208 -76.6711 x x x 
84 43.8861 -76.7333 x x x 
715 43.5831 -76.9500 x x  
716 43.6021 -77.4438  x  
717 43.2818 -77.4412  x  
Adolphus 44.0565 -77.0954  x  




Appendix C: Continuous chlorophyll data and algal percentages for Taste and Odor cruises in 2007, 2009, and 2010 
 
Figure C.1 Continuous chlorophyll data for the August 2007 Taste and Odor cruise.  Continuous data were calculated using a split 





Figure C.2 Continuous chlorophyll data for the August 2009 Taste and Odor cruise.  Continuous data were calculated using a split 
regression calibration curve from relative AlgaeWatch fluorescence measurements (in RFU).  
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Figure C.3 Algal percentages for the August 2009 Taste and Odor cruise.  Group-specific chlorophyll concentrations and total 
chlorophyll concentrations were calculated by the FluoroProbe software.  Group-specific concentrations were divided by the total to 





Figure C.4 Continuous chlorophyll data for the August 2010 Taste and Odor cruise.  Continuous data were calculated using a split 








Figure C.5 Algal percentages for the August 2010 Taste and Odor cruise.  Group-specific chlorophyll concentrations and total 
chlorophyll concentrations were calculated by the FluoroProbe software.  Group-specific concentrations were divided by the total to 
determine the percent for each group. 
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